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ABSTRACT
In the modeling of plutonium nitrate systems for criticality calculations, the
chemical formula is usually assumed to be Pu(N03)4. (where plutonium is in the +4
valence state). However in a unique situation of chemistry, plutonium has four oxidation
states (III), (tV), (V), and (VI) that can exist in finite concentrations, simultaneously in
aqueous solutions, in equilibrium with each other.
This research evaluates the effects of changing plutonium valence states on the
neutronic behavior of plutonium nitrate solutions. Three codes [DANTSYS, MCNP and
MONK] arc used for this evaluation. Changes in the plutonium valence state affect many
of the criticality control parameters such as mass, concentration, moderation, and
composition. The major problem is that most process plutonium nitrate solutions are not
locally well characterized. The effective multiplication factor (kcft) of the system
increases as the plutonium valence state is decreased. So with unknown Pu solution
characteristics, the keff of the system can Dot be detcnnincd by an evaluator.
The following single parameters (HIPUtot; HfPu239; N/Putol; NlPu239; solution
density; plutonium density; acid molarity; average energy group of fissioning neutrons;
•
and potential scattering cross section) were not found to have an effect on the keff of the
system. Since none of these traditional parameters adequately correl~ted the relationship
between the valence and the keff, a nontraditional parameter, the thennalness value, was
investigated.
Using the thennalness value, a relationship is found between the moderation
effectiveness in a thermal system and the effect of plutonium valence on system
multiplication. Reducing the plutonium valence always increases the calculated keff of a
given solution system. However, for systems that arc morc thermal (high values of
thennalness), a change in the keff due to the increasing plutonium valence is minimized.
So as the thermalness value decreases, the effect of changing the plutonium valence
mcreases.
While the thermalness value can be used to evaluate a plutonium nitrate solution
system for criticality safety applications, it is not easy to do so. It requires a 16 group
cross section set to be collapsed to a 2 group, and therefore is an intensive calculation.
This led to a search for a more practical technique for evaluating the criticality safety of
plutonium solutions with unknown characteristics.
Modeling the systems as metal-water systems, reduces the number of parameters
needed to characterize the solution, reduces the number of calculations needed to be
performed and at tbe same time is conservative as it over predicts the keff of the system.
Based on this impact, it is suggested that to analyze unknown plutonium nitrate solutions
for criticality safety evaluations, the analyst can safely model the system as a metal-water
system.
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Introduction
The Purcx process, or its equivalent, is the predominant choice for the
reprocessing of spent nuclear fuel. With the dismantlement of the nuclear stockpile, the
amount of plutonium that will undergo some type of transformation through the use of
the Purex process is increasing. This process uses nitric acid to dissolve the spent fuel,
leaving the uraniwn in a +6 valence state and the plutonium in a +4 valence state.
However during different stages of the process, the valence of plutonium changes
depending on whether it is separated from fission products or partitioned from uranium.
Because the valence state changes with process conditions (pH, temperature, solvents,
etc.), it is important to be able to characterize the plutonium state for safety analyses.
particularly for nuclear criticality safety.
Criticality safety can be defined as the prevention of inadvertent nuclear chain
reactions in non-reactor environments. Several parameters such as: mass, composition,
concentration, geometry, volume, moderation, and reflection arc evaluated for effects on
system multiplication. For a given fuel composition (in a single unit) the mass, volume,
geometry, or concentration must be limited, to ensure subcriticality.
In the modeling of plutonium n.itrate systems for criticality calculations, the
chemical formula is usually assumed to be Pu(NOJ)4, (where plutonium is in the +4
valence state). However in a unique situation of chemistry, plutonium has four oxidation
states (III), (IV), (V), and (VI) which can exist in finite concentrations simultaneously in
aqueous solutions, in equilibrium with each other. This creates an extraordinarily
complicated system, where the actual composition and atom densities of such a Pu
solution depend on temperature, molality, amount of excess acid and 'the presence of
other chemical species.
To further complicate things, plutonium in solution has a charge of +3 or greater;
this leads to hydrolytic interaction with solvents and to the formation of complex ions
with various anions. Unless the oxidation potential is controlled. solutions that contain
other than the pure Pu(rIl) or the pure Pu(IV) state will react to fonn stable mixtures with
appreciable concentrations of all four plutonium valence states. Because the potentials of
the nitrate-reduction couples are near those of the plutonium-oxidation couples, the
stability of the oxidation states in nitrate solution depend on the rate phenomena. The
rate is partially detennined by the concentration of the nitrate-reduction products and
their rate of removal from solution. The lower the acid concentration and the higher the
temperature. the faster the rate.
Alpha particles from the radioactive decay of plutonium create ions in solution,
which lead to the gradual, radio lytic reduction of Pu(VI) to Pu(IV), and Pu(lY) to Pu(1JI).
This means that the solution composition changes with time so the effective valence state
is transient. In weakly acidic solutions, reversible hydrolysis may be followed by an
irreversible formation of a colloidal product polymerized to a high molecular weight The
tendency of a plutonium nitrate solution to Pu(IV) polymerization is of considerable
practical importance in process operations. Because the dilution of an acidic plutonium
solution with water can lead to Pu polymerization in localized regions of low acidity, this
can lead to localized accumulation of plutonium which may create a criticality hazard.
Polymerization can result from leaks of steam or water into the solutions. or by
overheating during evaporation.
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Therefore, a better understanding of plutonium chemistry is needed to predict the
effects of different oxidation states, complex ions, temperature and chemical interactions
on the effective multiplication factor (kefl) of a system and its safety under various
process and upset conditions. A practical example of when a plutonium solution's
oxidation state was an important consideration for the criticality safety of a plant was a
1992 incident at the Sellafield reprocessing facility in the UK [Sunman and Walls, 1993].
A leak allowed 28 kg of concentrated plutonium nitrate to drain from a geometrically
favorable evaporator onto the floor of the processing facility. In the evaporator, during
normal operation, the plutonium nitrate is in the fonn Pu02(N03h (i.e ..; the VI valence
state). Because there is little or no data in the literature for plutonium (VI) nitrate it was
necessary, to establish an appropriately pessimistic material specification for this
problem. Also, because of radio lytic reduction at ambient temperatures, there was a
concern over the oxidation state of the solution. Radiolytic reduction of Pu(VI) will
"consume 2 moles of acid per mole ofpJutonium, i.e., 250g Pu(VI)/litre at 4.5M nitric
acid will convert to 250g Pu(IV)/litre at 204M nitric acid." [Sunman and Walls, 1993]. An
insufficient amount of excess acid can lead to an effect on the stability against plutonium
hydrolysis and result in an increased potential for plutonium colloid formation. AU of the
reasons stated above might lead to a critical mass.
At the current time nuclear energy, nuclear education, and nuclear technology is on
the downswing in the U.S., while proliferation, nuclear energy, and technological
competition are on the upswing in other countries. Nuclear material inventories will
increase significantly, especiaUy with the dismantlement of the nuclear stockpile. The
DOE critical facilities have historically been a source of critical mass data, cross section
compilation, new core criticals, burst reactor data, and vital criticality training for tbe
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nation. These facilities have also been the most significant creators of safety information
and sources of nuclear technology transfer to other countries. The Defense Nuclear
Facilities Safety Board has recognized as a principal ingredient of nuclear criticality
control and safety the "theoretical understanding of neutron multiplication processes in
critical and subcritical systems, leading to predictability of the critical state of a system
by methods that use theory benchrnarked against good and well characterized critical
experiments." [DNFSB, 1993J. Unfortunately, all but one critical facility has been closed
so access to new experimentally derived data is limited.
To resolve this problem, computer codes have been developed and used to
simulate experimental conditions. Tbe codes can be separated Into two major groups:
those based on dctenninistic transport methods and those based on Monte Carlo
methods. Both methods have their advantages and disadvantages, and therefore must be
used carefully, and correctly. Computer codes are used to determine the keff of a system,
but a common procedure for establishing the validity of these codes bas not been
implemented. The range of applicability is typically established by comparing the code
results with experimentaUy dctennincd keffs. However, there arc many situations where
the materials used in a fissile system have not been evaluated in an experiment. This
causes problems for an evaluator tasked with determining the safety of such systems.
This research evaluates the effects of changing plutonium valence states on the
neutronic behavior of plutonium nitrate solutions. Changes in the plutonium valence state
affect most of the criticality control parameters such as mass, concentration, moderation,
and composition. The major problem is that most process plutonium nitrate solutions are
not and cannot be well characterized. Existing benchmark data derived from past
experiments provide the solution density, the Pu density, the Fe density, the molarity,
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and the enrichment (pu240 content) of the plutonium. These parameters are sufficient to
calculate the atom densities of isotopes in a solution when a valence state is assumed.
However, these data do not characterize the solution well enough to determine the valence
state. Although the Pu enrichment (amounts of isotopes other than Pu2J9) is not affected
by changes in the plutonium valence, atom densities for moderators and neutron
absorbers, particularly in this case nitrogen, will vary significantly depending on the
condition of the plutonium in solution.
Therefore, varying the solution's assumed plutonium valence causes variations in
the atom densities for the hydrogen. oxygen, and nitrogen isotopes. Since hydrogen is a
good moderator (i.e ..; slows neutrons down), and nitrogen is a good absorber; changes in
these isotopes will have an impact on the ncutronics of a system. This study will
quantify the impact of variations in plutonium valence on the effective multiplication
factor and neutron density in a system. The intent of the study is to establish guidelines
for perfonning future analyses involving unknown plutonium nitrate solution
characteristics. These guidelines should make criticality safety analyses less complicated,
easier to understand, and ensure that the results are conservative.
5
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Chapter 2 Literature Review
There are currently very few criticality experiments being performed or scheduled
to be performed in the U.S, and with the current politics it seems likely that few such
experiments will be done in the future. Therefore we must rely on past experiments to
verify the computer codes used in criticality safety evaluations.
Plutonium Nitrate Solution Experiments
The purpose of the International Benchmark Project was to provide a standard set
of experimental data for verification of computer codes such as MCNP and DANTSYS.
Evaluations of plutonium solution experiments performed at various nuclear critical
facilities around the world arc contained in Volume fb of the International Handbook of
Evaluated Criticality Safety Benchmark Experiments. These experiments were identified,
by the project evaluators. as acceptable for the verification of computer codes. Six
experimental sets described within Volume Ib are used in this study. These six
experimental sets were evaluated by Carter et al. (1995. a-f). Each set involved critical
(keff ~ 1.0) experiments in spberical tanks. The tanks bad diameters of 11.5", 12", 13",
14" and IS", tbe 14" lank being used for two different sets of experiments. Multiple
experiments were performed in each tank, but only some of these experiments (as
determined by Carter et al.) met the criteria for inclusion as benchmark validation
experiments. According to Cbung (1995) criteria for a valid benebmark experiment are:
(I) Tbe method used to determine keffsbould be specified;
(2) Consistency among experimentally measured parameters is desirable;
(6) A description of the experiment and results, containing at least the
elements of the 1983 ANS Standard 8.1, should appear in a refereed
publication.
(3) A rigorous and detailed description of the experimental mockup, its
mechanical supports, and its surrounding is necessary;
(4) A complete specification of the geometry dimensions and material
compositions including the methods of determination and the known
sources of error and the potential propagation is necessary. Also for
completeness, unknown but suspected sources of error should be listed;
(5) A series of experiments is desirable to demonstrate the reproducibility of
the results. Positive and negative period measurements provide useful
supplementary information for well-defined near-critical systems; and
Similar in objective to the International Benchmark Handbook, the Monk
Validation Report No.5, included in the validation study for the MONK computer code
package, provides information on plutonium solutions. Report No.5 contains the
descriptions of plutonium nitrate solution experiments, as reviewed by Hanlon (1993),
performed in 2 different spherical tanks. These tanks had radii of 17.698 em (6.97 in) and
19.318 em (7.61 in). All of the experiments from the MONK Validation Report NO.5 are
used in this study.
Plutonium critical experiments were the subjects of extensive analyses by Richey
in 1968 and by Clark in 1981. Both researchers studied multiple experiments and
examined the criticality safety aspects of these experiments in terms of plutonium
concentration, geometry, and moderating ratio. The experiments of interest, studied
within these reports, were those performed by Lloyd et al. (1966) or by Kruesi et al.
(1952). Both Richey and Clark used the data from previous experimenters and expanded
7
on the initial studies.
E
Clark (1981) not only looked at aqueous plutonium nitrate solutions in spherical
geometries. but also in cylindrical and slab geometries. In this report the effect of the
system's bydrogen to fissile plutonium atomic ratio (1-lIX)on the keffwas studied.
However, Clark calculated the keffusing different codes and different cross section
libraries, and plotting these keffs versus the HIX ratio (done for the 1-lIXrange of 54.1 to
2807) resulted in the development of a different trend for each evaluation, Clark stated
"Because of the large influence of this ratio on the neutron spectrum, it.was considered t.o
be an important parameter, but not necessarily the only one of which bias is a function,
However, inspection of the correlations revealed no pronounced trend as a function of
nitrate concentration or of240pu isotopic concentration."
Richey {I 968) concentrated on the methods of calculation and the comparison of
the theory to the experiment. A code was written and used for the multigroup diffusion
theory analysis. This code used cross-sectional data derived by the GAMTEC-JI code,
and cross-sectional data "recommended by Leonard." TIle results from thc multigroup
diffusion theory analysis were compared with the results computed using a discrete
ordinates approach and the Hansen-Roach cross-section set. These results were also
compared with tbe results from discrete ordinates and the 18-group constants provided
by the GAMTEC-lI code. A transport code, DTF, was used for the discrete ordinates
theory analysis. It was determined that tbe best correlation between experiment and
tbeory was obtained using the GAMTEC-f1 group constants witb tbe diffusion code. It
should also be Doted that the discrete ordinates computed eigenvalues were consistently
greater than unity for the Pu(NOJ)4 solutions, with the Hansen-Roach cross sections
giving the largest values. The major thrust of Richey's report was to compare the results
of different cross section sets. as well as the different calculation methods used. Because
F
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calculation techniques and cross section comparisons are not the focus of this study,
Richey's (1968) report will not be discussed in further detail.
Both reports, Richey (1968) and Clark (1981), tried to detennine the water
densities for the Pu(N03)4 solutions. It was noted that many critical experiments have
been performed with Pu(N03)4 solutions in which free nitric acid, plutonium
concentration, plutonium isotopic composition, and vessel size were varied [ Clark,1981].
However, "it is important in analyzing such data and subsequently in calculating limits to
have a consistent recipe for computing solution density as a function of plutonium
concentration and acid normality." Because there is a lack of consistency in the reported
analytical data, the development of such a recipe is complicated. As stated by Clark:
"Nitrate concentrations, plutonium concentrations, and acid nonnalities arc frequently not
exactly consistent with a stated valence of 4 for plutonium. The recipe adopted
considered solutions of PU(N03)4, with varying amounts of HN03, to be solutions of
PuOz in nitric acid solutions."
It should be pointed out that it was known by these researchers that the analytical
data was not "exactly consistent with a stated valence of 4 for plutonium" in the nitrate
solution. However, when the system was modeled, the plutonium in the solution was
assumed to be in a valence state of 4, and the solution densities were therefore calculated
using the assumed valence state.
Lloyd et al. (1966), describe a series of criticality experiments performed with
plutonium (4.6 wt% Pu240) nitrate solution in stainless steel spheres of 11.5", 14", and
15.2" diameter. Water, concrete, paraffin, and stainless steel reflectors were used. The
15.2 sphere was also used for unretlected studies. The spheres were made critical by
varying the plutonium concentration from 24 to 435 g PulL, and also by varying the
9
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molarity from 0.2 to 7.7. These experiments were performed to extend the previous
criticality data on plutoniwn solutions in spherical geometry to higher concentrations of
plutonium.
At a concentration of 175 g PulL it was found, by Lloyd ct al, (1966), that the
minimum critical volwnes for Pu(N03)4 in water, containing 4.6 wt% Pu240• were about
22 and 11 liters for bare and reflected spheres, respectively. Comparisons were made
between experimental and theoretical results using the multigroup diffusion theory. The
theoretical results (done for onJy select cases) predicted the keff to within 1% of the
expected k of J .0, in all but two cases. They also examined the effect of nitrate
concentration on criticality with the conclusion that the "presence of NO) in the solution
affects the critical mass primarily because of neutron capture in nitrogen. and
displacement of hydrogen by the less moderating nitrogen."
The previous criticality data on plutonium solutions that Lloyd ct al. (1966) was
extending came from Kruesi et a!. (1952). This report describes a series of criticality
experiments performed with plutonium nitrate solutions in effectively infinite water
reflected. spherical or cylindrical tanks. The Pu240 weight percents ranged among 0.52,
1.65,3.12,4.05, and 4.3%. The volume of the spheres ranged from 11.37 to 29.00 liters,
corresponding to nominal diameters of I I and 15 inches. The cylindrical vessels had a
inner diameter ranging from 8.0 to 12.0 inches.
Kruesi et al. stated that "the nuclear properties of the fuel are determined
essentially by the plutonium, nitrate, and hydrogen concentrations. The effect of an
increase in nitrate concentration is to cause a displacement of hydrogen and an increase in
parasitic macroscopic absorption and therefore an increase in critical mass." They also
studied the effect of an increase in the isotopic content of Pu240 00 the critical mass of the
10
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system. and demonstrated that (for the same vessel and the same nitrate concentration) as
the weight percent increased, the critical mass would increase. "Such data indicate a large
total absorption cross section for Pu240." Kruesi ct al. also looked at the effects of other
non-fissionable elements within the solution, the effects of the shell materials, and the
effects of temperature on the density of the moderator.
The experiments from Kroes! et aJ. (1952) and from Lloyd et aJ. (1966) were
evaluated by Carter et aJ. (1995), with some being deemed acceptable as benchmark
experiments. These experiments were used in this study as they cover a wide range of
plutonium solution system characteristics.
Some other papers containing experiments that involved plutonium solutions were
researched. but they were not used in this study as discussed below.
Experiments with plutonium nitrate solutions of different molarities, and different
Pu240 wto.lo'swere performed in both bare and reflected spherical tanks [ Reardon and
White, 1962 ]. Two effects were found concerning the incremental concentration of Pu240:
I) Each added increment of Pu240 in the solution has less effect than the previous
increment. This is expected because in a light water system a fraction of the neutrons
slowing down in the energy region of the large Pu240 resonance will escape capture upon
entering the region, by first collision scattering past the resonance. As a given amount of
Pu240 captures a large fraction of the neutrons, more Pu240 can only capture from the
remaining fraction of neutrons; 2) The effect ofPu240 as an absorber increases with
increasing nitrate concentration. These experiments were not examined in this study as the
data (size and materials) for the spherical tanks were never described.
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Lloyd et al. (1973a), describe a series of criticality experiments performed on
plutonium nitrate solutions in slab geometries. The solutions contained plutonium at
concentrations ranging between 58 and 412 g PulL for material with three different
isotopic concentrations: 4.6,18.4, and 23.2 wt% Pu240. The acid molarities varied from
1.6 to 5.0. A variable thickness slab-type vessel with a height and width of 42-in., and an
adjustable thickness with the range of3 to 9 in. was used with and without a water
reflector, and also with a l-in. thick Plexiglas reflector. The analysis provided values for
clean l-dimensional assemblies that were then used as an integral check of calculational
methods using cross sections from the ENDF 18-11 data file. The computed values ofkcff
for these "clean assemblies" ranged between 0.988 and 1.040; the values increased
somewhat with increasing concentration. However, Lloyd ct al. (J 973a) never reported
the solution densities of the slab experiments, and therefore these experiments were
unsuitable for further analysis.
In the reprocessing ofnuclcar fuels, such as in the Purex Facility at Hanford,
plutonium nitrate solutions are commonly stored in stainless steel or polyethylene
cylindrical bottles, Durst et aI., (1982). This report discussed a series of experiments
initiated by Rockwell Hanford Operations, at the BatteUe Critical Mass Laboratory, with
arrays of bottles containing plutonium nitrate solution. The experiments were performed
with 3-liter polyethylene bottles containing plutonium with a Pu240 content of 2.8 wf'.Io.
"The objective of these experiments was to provide benchmark data to check calculational
codes used in the criticality safety program at the Purex Facility," The factors affecting
criticality that were addressed in these experiments were: (a) the critical air gap between
bottles in an array of a fixed number of botties; (b) the numhcr of bottles required for
criticality if the bottles are touching; and (c) the effect on critical array spacing and critical
bottle number due to the insertion of a hydrogenous substance into the air gap between
bottles. The experiments were performed with sixteen 3-liter polyethylene bottles filled
with PU(N03)4. The average concentration of the fissile solution was -117 gIL plutonium,
with the Pu240 content being 2.8 wt% at a free acid molarity (H+) of -6.7. The specific
gravity of the solution was 1.421.
"The minimum number of bottles required for criticality was found to be 10.9
bottles, occurring for a square array where bottles were touching one another. As the
bottles are spaced apart, more bottles are needed to remain critical. For 16 bottles in the
square array. the critical separation between bottle surfaces in both the x and y directions
is 0.96 em." Addition of PIexiglass (hydrogenous substance) around the bottles decreased
the critical bottle number, compared to those separated only by air, but the critical bottle
number, even with interstitial plastic in place, was always greater than 10.9 bottles. A
tightly packed array of bottles with no intervening material was the most reactive
configuration.
Durst et al. (1982), concluded that effects of any intervening hydrogenous material
must be carefully considered. as the margin of safety can be reduced by such an
introduction. The given data was averaged and the true values for the experiments were
not given. There was a figure describing the storage array framework, but no data
describing the 3-liter bottle design. Therefore this set of experiments was not used for this
study.
Additional criticality data for plutonium-uranium nitrate solutions in cylindrical
and spherieal geometries was eolleeted and described by Lloyd and Clayton (1976). For
the experiments in cylindrical geometry. the plutonium content of the total uranium plus
plutonium was - 30 wt%; whereas, in the case of the water reflected spheres,
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-measurements were performed with both )5 and 30 wto.lo plutonium. The uranium in the
mixture was slightly depleted, containing 0.66 wt% U235. The plutonium concentration in
these experiments ranged between 12.4 to 97.3 g PulL. The Pu240 content of the
plutonium was 5.6 wt% in the first case and 4.7 wt% in the second.
Lane and Parker (1993) also looked at the measurement of the critical size of
solutions of plutonium and natural uranium nitrates. This report was carried out while
AWRE was part of the UKAEA. Because both studies [Lloyd and Clayton (1976); and
Lane and Parker (1993)] involved plutonium and uranium in solution together, they were
not suitable for this study of plutonium valence and keff.
Experiments pcrfonned to establish the effect of a soluble neutron absorber
(gadolinium nitrate) on the criticality of plutonium nitrate solutions are described by
Lloyd et aI., (1972). "The solutions contained plutonium at concentrations of -116 g
Pull iter and at -363 g Pu/liter. Measured quantities of gadolinium nitrate were mixed with
these solutions to produce changes in critical solution height within a 24-in. diameter
water reflected cylinder. Gadolinium concentrations up to 20.25 g GdIL were uscd and the
effect determined through the observed change in height. Monte Carlo calculations were
used to compute the criticality factors (ketfs) for each of the measured critical
configurations." These experiments were not used because they contained gadolinium in
the solution.
Lloyd et al. (I 973b), studied criticality data on borated raschig rings in plutonium
nitrate solutions. This paper presented the data for use in establishing criticality safety
limits and looked at verifying calculational methods for these types of solutions.
Deterministic codes do not allow for the modeling of these raschig ring heterogeneous
systems, therefore these experiments were not used for this study.
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Schuskc (1963) describes two experimental subcritical arrays ofPu(N03)4
solutions. This report is very brief, with very little infonnation on either of the two
experiments and therefore could not be used in this study.
Plutonium Chemistry
Multiple books were helpful, in researching plutonium solution chemistry. All of
these books contained basic information on the complex world of plutonium chemistry,
which is discussed in Chapter 3 of this report. Because the same basic information was
obtained from all ofthese books, this infonnation will be considered general knowledge
and can be found in any ofthc following references: Benedict, Pigford, and Levi (1981),
Wick (1967), Seaborg and Katz (1954), Katz and Seaborg (1957), Cleveland (1970),
Camall and Choppin (1983), Coleman (1965), Peterson and Wymer (1963), and Taube
(1964).
The basic information from the plutonium chemistry books listed above suggests
that plutonium in aqueous solutions cao exist in 4 oxidation states [ Pu(JlI)-Pu(VI) l,with
the 4th oxidation state being considered the most stable. "Pu (IV) predominates in nitric
acid solutions free of oxidizing and reducing substances." [ Benedict, Pigford, and Levi,
I 98 I ] Although this tetravalent plutonium is found in many aqueous solutions, there are
a number of difficulties in the determination of plutonium valence and plutonium behavior
in an aqueous solution.
This difficulty exists because the differences in the oxidation potentials ofPu(III)
through Pu(V1) are small enough that all of these states can exist, concurrently in aqueous
solutions. There are two major phenomena driving plutonium nitrate solutions: I) the
tendency of Pu(IV) and Pu(V) ions to disproportionate; and 2) the slow rate of reactions
I;
R
involving the formation or rupture of plutonium-oxygen bonds as compared to the much
faster reactions involving only electron transfer. All the references suggest that the vaJence
state can be affected directly by changes in the acidity and temperature of the solution.
These changes can however lead to the formation of complex ions or Pu polymerization.
From Benedict, Pigford, and Levi (198 J), it was detennincd that Pu(IV)
disproportionates to a measurable extent, in part due to radio lytic decomposition. This
book also described the Purex process in detail. In Purex reprocessing, nitrite ion is added
to the nitric acid-plutonium solution to oxidize Pu(lJI) to Pu(IV) and to reduce Pu(Vf) to
Pu(fV). The rate of oxidation ofPu(llf) to Pu(fV) is slow in dilute nitric acid at room
temperature but proceeds rapidly in dilute nitric acid at IOOOCand in concentrated nitric
acid at room temperature.
Peterson and Wymer (1963) slated that appreciable proportions of plutonium
exist in the +5 state at equilibrium, particularly at low concentrations and low acidities.
Thus, the assumption of a +4 valence state in solution will be in error.
It was seen [ Wick, 1967] that the oxidation state produced by dissolution of
plutonium metal depends on the acid employed. Also when Pu02(N03h or its hydrates
were stored in air for periods on the order of 4 months, complete reduction to Pu(fV) was
observed, but further reduction to Pu(HI) took place after storage for an additional 18
months. This book proceeds to give equations on the equilibrium constants for
disproporticnation and hydrolysis. The rate of oxidation was found to be first-order with
respect to plutonium concentration. In HN03 solutions the rate was dependent on the
second power of the HN03 concentration because of the combined effects of the
hydrogen ion and nitrate ion concentrations.
16
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Seaborg and Katz (1954) showed that the "dipositive state (+2) is considered to
be partially, from a bonding point of view, metallic. No evidence has ever been found for
the existence of plutonium in aqueous solution in the +2 oxidation state, and it is certain
that oxidation of Pu(lI) by water would occur almost instantly."
An initially pure Pu(fV) solution disproportionates at a measurable rate into
Pu(JII) and Pu(IV). the extent of disproportionarion depends markedly on the acidity and
complexing action of the negative ions present [ Seaberg and Katz, 1954 ]. It was also
found in this reference that pentapositive plutonium Pu(V) is unstable under most
conditions with respect to oxidation and reduction to Pu(VI) and Pu(1V) or Pu(lll).
However, in dilute acid solutions and at low concentrations of plutonium, it can be made
the predominant species at equilibrium. "Preliminary calculations from spectral data and a
even more extensive study of the spectral changes occurring in mixed nitrate-perchlorate
and nitrate-chloride solutions has since been made, and the ion PuN03+3 appears to be
the principle species present in nitric acid solutions at ionic strengths and nitrate
concentrations below 4.6M."
Katz and Seaberg (1957) duplicates a lot of the previous reference by these
authors. It does provide a more extensive discussion of the oxidation-reduction potentials
between the various oxidation states of plutonium.
Coleman (1965) has a good discussion about hydrolysis and complex ion
formation in plutonium nitrate solutions. Because Pu+4 is a small, highly charged ion it
undergoes extensive hydrolysis at low acidity and fonns many stable complex ions. This
tendency is a dominant feature of Pu(IV) chemistry. Pu(TV) forms a long-chain compound
or polymer by hydrolytic reactions. Pu(IV) polymerization is one of the more unpleasant
17
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aspects of Pu chemistry from the standpoint of the radiochemist. It must be emphasized
that a relatively small change in conditions may produce a large change in the equilibrium
conditions. Coleman also looked at another process in which the oxidation state could be
affected - radio lytic reduction of Pu solutions. This is when the alpha particles emitted in
the decay of Pu239 supply enough energy to the medium to decompose it. The radiolysis
products then oxidize or reduce the Pu.
A whole series of complexes, according to Sentyurin et al., (1967). up to
Pu(N03)2-6, are formed, depending on the concentration of nitrates. It is considered that
the complex Pu(N03)4 is the predominant species in 1 to 4 M HN03. while at higher acid
concentrations the complexes HPu(N03)s and H2Pu(N03)6 are formed.
Cleveland (1970) showed that in HNOJ solutions, Pu(V) is most stable at
pH of3.5 - 4.5. The ranges of HN03 concentration in which each of the complexes are
stable was reported by Cleveland to be as follows:
Pu(NO)+, < I.5M;
Pu(NO)+), 2.1 to 3.8M;
Pu(NO)Ys, 5.6 to 7.1M;
Pu(NO)2+2, 1.5 to 2.1M;
PU(NO)4, 3.8 to 5.6M;
Pu(NO)2-6, >7.1 M
A more detailed discussion of the effects of plutonium solution chemistry on
nuclear criticality safety issues is given in Chapter 3 of this study.
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-Chapter 3 Plutonium in Solution
When modeling plutonium nitrate systems for criticality calculations. the chemical
formula has usually beeo considered Pu(N03)4 [ Carter et al., 1995 a-f Hanlon, 1993;
Clark, 1981 ]. As the nitrate anion has a single negative charge, the 4 indicates that the
plutonium cation is in the plus 4 valence state. However. based on experimental data used
in benchmark calculations, O'Dell (1995) found that the assumption of plutonium always
being in the +4 oxidation state can be faulty. An understanding of plutonium chemistry is
therefore needed to better predict the effects of different oxidation states, complex ions,
temperature and other interactions, on the effective multiplication factor of a system.
In aqueous solution plutonium can exist in four oxidation states: Pu(lIl), Pu(rv).
Pu(V), and Pu(Vl), wbieh occur as hydrated ions Pu3+, Pu4+, PU02+, and PU02++.
Although the most stable oxidation state in solution is usually considered to bc Pu(IY),
the differenees in oxidation potentials of Po(lH) through Pu(VI) are small enough that all
four of these states can exist simultaneously in aqueous solution. This creates an
extraordinarily complicated system. where the actual composition depends on
temperature, molality. amount of excess acid and the presence of other chemical species.
To further complicate the analysis, plutonium has a fonnal charge of +3 or greater, and
this leads to extensive hydrolytic interactions with the solvent and to the extensive
formation of complex ions with various anions. Unless the oxidation potential is
controlled, solutions that contain other than thc pure Pu(H£) or the pure Pu(fV) stale will
react to form stable mixtures with appreciable concentrations of all four stales. The
oxidation state produced by dissolution of plutonium metal depends on the acid
employed. HCI, HBr, H3P04, or HCI04 in any eoneentration produce Pu solutions
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containing essentially only the trivalent ion, while HN03 or HF dissolution form Pu
solutions with mainly the tetravalent ion. Because the Purex process primarily uses nitric
acid, this study concentrates on the solution chemistry of plutonium nitrate solutions.
3.1 Oxidation States of Pu
The tendency of an ion to displace a proton from water increases with charge and
with decreasing ionic radius. This means that plutonium (Hfj.written as Pu(ITI) or in ionic
fonn as Pu+3, [Katz and Seaborg, 1957] has an acidity similar to the rare-earth ions and
has a hydrolysis constant lying between those ofCe+3 and Pr+3. In moderately acidic
solutions Pu(ITl) is relatively stable with respect to oxidation by air, but the moist
hydroxide is very rapidly oxidized to the +4 state by oxygen. Plutonium (III) solutions in
nitric acid are unstable, because of the excess oxygen, and do not have a strong tendency
to form complex ions. In nitric acid solutions, the concentration region must be confined
below 5M for Pu(ITI) to exist, as at higher concentrations Pu(HI) undergoes oxidation.
Due to its size and charge, Pu+4, should undergo a more extensive hydrolysis (see
3.4.) than Pu+3. However, in solutions more acidic than 0.3 M H+, Pu+4 is not
appreciably hydrolyzed. In the early stages of the hydrolysis of Pu+4, only monomeric
ionic species seem to be important. However, the hydrolysis can proceed to the extent
that large colloidal aggregates form. Pu(TV) is the most prone to complex formation, due to
its ionic potential (i.e., the charge on the ion divided by the ionic radius). The nitrate ion
possesses a fairly strong tendency to form complex ions with Pu+4. The PuCTV)state also
has a tendency to disproportionate, which increases tbe amount of Pu(lIl) and Pu(VI) in
the system.
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Plutonium (V) has a slight tendency to undergo either hydrolysis or complex ion
formation, but it is unstable to disproportionation. Among the ions of plutonium, the (V)
state ion has the least tendency to form complex ions. However, this ion, is more than
merely a large singly-charged ion; it possesses a distinct, albeit small, tendency to form
complex ions under certain conditions.
Very little information is available on the hydrolytic behavior of plutonium (VI),
( Pu(V1) or PuOz+2). The Pu(V1) ion has only a slight tendency to form complexes in
dilute solutions of nitrate. Three nitrate complexes have been detected [ Pu02(NOJ)+'
PUOZ(N03)z, and PuOz(N03h- ]. [Cleveland, 1970 1
3.2.3 Oxidation-Reduction Relationship
Probably the most complex aspect of the chemistry of plutonium is the oxidation-
reduction relationship of its ions. Many of the elements from the actinide series are
known to have multiple oxidation states in solutions. The changes of the oxidation states
in nitrate solutions depend on the kinetics, because the potentials of the nitrate-reduction
couples: N03- .... NO(g) and N03- .... NZ04(g) arc ncar those of the plutonium-
oxidation couples: Pu(lII) .... Pu(IV) and Pu(IV) .... Pu(VI). Tbe rate of the cbange in the
oxidation states is partially determined by the concentration of the nitrate-reduction
products and their rate of removal from solution. The rate is faster the lower the acid
concentration and the higher the temperature.
As is the case with other actinide elements, it is not possible to give standard
potentials for the plutonium couples. In the ease of Pu(TV), it is impossible to maintain
solutions of Pu(IV) below an acidity of 0.05 M without extensive hydrolysis and
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formation of colloidal hydroxide. Disproportionation of Pu(l¥) to Pu(lII) and Pu(VI) also
occurs under these conditions. Therefore, it is almost impossible to extrapolate Pu(JV)
activity to zero ionic strength.
The Pu(IlI) / Pu(rv) and Pu(V) / Pu(V1) couples are rapid and reversible, because
in both cases, the degree of oxygenation of both the members of the couples are the same.
The reason for these processes being rapid is based on the fact that each involves the
transfer of only one electron. Due to a difference in the extent of oxygenation, the
Pu(rv) / Pu(V), Pu(lII) / Pu(V), and Pu(l¥) / Pu(V1) couples are either irreversible or only
achieve equilibriwn very slowly. These processes must make or break Pu-O bonds, thus
they can be considered to be slow. Another factor complicating these oxidation-reduction
relationships is the disproportionation of Pu(¥) into Pu(l¥) and Pu(VI).
3.2.b Disproportionation of PufiV)
Disproportionation of Pu(M, can better be described as Pu(111)- (fV) - (VI)
equilibrium. The values of tile oxidation-reduction potentials between the various
oxidation states of plutonium are such that appreciable concentrations of three or even
four of these oxidation states can exist in equilibrium with each other. The intermediate
oxidation states of plutonium can «disproportionate" (i.e.; undergo self oxidation and
reduction reactions). So, a pure Pu(N) solution will disproportionate; in part being
reduced to the (III) state and in part oxidized to the (VI) state. The disproportionation of
Pu(fV) is represented by the reaction [Katz and Seaborg, 1957]:
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3 Pu(fV) ~ 2 Pu(lll) + Pu(Vl)
-
.-
Pu(lV) + Pu(lV) +-> Pu(TJI) + Pu(V)
Pu(lV) + Pu(V) +-> Pu(Vl) + Pu(lll)
(Slow)
(Fast)
Stated in terms of the ionic species actually involved:
This equation shows that the equilibrium is a sensitive function of the solution's acidity.
The equilibrium for the equation above can be shifted to the right by lowering the
concentration of the acid and complex forming anion. A panicle reaction is improbable,
but a series of bimolecular reactions may occur.
The first reaction requires the formation of plutonium-oxygen bonds. therefore being
labeled as "slow". The second, "fast", reaction consists only of the transfer of an electron;
no chemical bonds need be formed or broken. The rate constant for Pu(IV)
disproportionation is found to have a second order dependence on the Pu(TV)
concentration [ 1<4 a Pu(fV)2 ] and an inverse third order dependence on the hydrogen ion
(H+) concentration [ !<4 a Pu(IV)-3 ]. Because HN03 tends to stabilize the Pu(lV) ions
by complexing them, it tends to allow Pu to disproportionate to a lesser degree than most
other acids. Data taken [ Benedict, Pigford, and Levi, 1981 ] at temperatures of 75 to
JOooC indicate: (i) no detectable oxidation of Pu(lV) in 14 M HN03; (ii) a half-life for
Pu(lV) of about 4 h in 2 M HN03; and (iii) a half-life of only about 10 min in 0.25 M
HN03. Disproportionation is also temperature dependent; increasing the temperature by
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20°C (from 25 to 45°C) can increase the equilibrium constant by about a factor of 70
[Wick, 1967].
3.2.c Disproportionation DC PuM
Disproportionation of piutonium(V) occurs in moderately acidic solutions ( 0.5 _
1.5 N ), by the reaction.
2 Pu(V) ~ Pu(lV) + Pu(VI)
However, during the early stages of this disproportionation, the concentrations of Pu(JV)
are very low, as seen experimentally by Connick (1949). He showed that the Pu(Y)
disproportionation leads to the formation of Pu(llI) and (VI), instead of (IV) and (VI),
despite the fact that the later are the products of the reaction. Connick explained this by
the following rapid reaction
Pu(lV) + Pu(V) ~ Pu(lII) + Pu(VI)
Unlike the formation of (IV) and (VI) from (V), which requires the breaking of
plutonium-oxygen bonds, the reaction of(lY) and (V) to give (III) and (VI) involves only
electron transfer. Because this reaction is rapid, Pu(fV) does not accumulate during the
disproportionation of PuM until the Pu(V) is nearly all used up. There are two
bimolecular rate limiting reactions between plutonium species which would be expected to
bring about the reduction of Pu(V) to the (rY) or (ITI) state. Two reaction paths (slow or
fast) are thus available for the disproportionation: (reactions "A" and «S" are slow,
-
A) PU02+ + PU02+ + 4H+ .... Pu+4 + PU02+2 + 2H20
B) PU02+ + Pu+3 + 4H+ .... 2Pu+4 + 2H20
C) PU02+ + Pu+4 .... Pu+3 + PU02+2
while "e" is fast)
Reactions "A" and "B" are slow because both involve not only simple electron transfer,
but also the deoxygenation of a Pu(V) ion to give Pu(JV). Reaction "B" is the reverse of
the disproportionation reaction of Pu(fV). Reaction "An between two Pu(V) ions appears
to be kinetically less favorable than reaction "8" between Pu(V) and (III) ions. Until
Pu(IH) appears through reaction "C", reaction "A" dominates, but once Pu(lJt) appears,
reaction uB" becomes the rate dctcnnining reaction. Reaction "C" concludes the process.
The disproportionation of Pu(V) is faster than the disproportionarion of Pu(IV).
The equilibrium between Pu(llI)-(lV)-(V)-(V1) in reaction "C" is achieved very rapidly,
whereas the equilibrium between Pu(lY) and Pu(lll) and (VI) is attained much more
slowly. Reaction "C" demonstrates the situation where all four plutonium species are in
equilibrium with each other. As the HN03 concentration was increased from 0.1 OM to
0.30M, the rate of the overall reaction increased from 0.73 liter/mole-hr to 3.4 liter/mole,
M [Wick, 1967].
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3.3.3 Radiolytic Reduction of Pu Solutions
Most plutonium chemistry does not involve the radioactivity associated with the
element; nevertheless, there are situations in which the effect of alpha radiation from the
decay of Pu239 must be addressed, Pu239 has a half-life of 24,360 years, which results in
"the generation of about 140.000,000 alpha particles per minute per milligram of
plutonium. The alpha particle radiation in the solution has chemical consequences which
manifest themselves as a diminution in the mean oxidation number of a plutonium
solution with time:' [ Katz and Seaborg, 1957]. The alpha particles emitted from the
decay of Pu239 supply enough energy to the medium to decompose the solution by
radiolysis. The radiolysis products (e.g.; free radicals and hydrogen peroxide) then oxidize
or reduce the Pu, depending on the nature of the solution and the oxidation state of the
Pu. This causes a spontaneous reduction of Pu(Vl) to Pu(lV), and Pu(lV) to Pu(fU)
[Katz, and Scaborg, 1957]. It is estimated that approximately gO eV [ Benedict, Pigford,
and Levi, 198 J ] of dissipated alpha energy brings about the addition of one electron in
reducing plutonium ions. So the stated oxidation states of old Pu solutions, particularly
those with low acidity, should be viewed with suspicion. This is extremely important for
this work, since solutions may be stored for many years.
3.3.a Alpha Reduction
The gradual spontaneous reduction of Pu(VI) to Pu(lV), and Pu(TV) to Pu(1Il), is
caused by the ionization products of alpha particles emitted in radioactive decay.
Plutonium ions in dilute acid solution can experience alpha reduction primarily due to the
formation of H202 by radiolysis of water. Other radiolysis products also participate;
atomic hydrogen and H02 radicals function as other reducing agents, while hydroxide
radicals tend to reoxidize the Pu(V) reduction product back to Pu(Vl). It was found by
Artynkhin et al. (1959) that the rate of alpba reduction of Pu(Vl) in HNOJ solutions
increased with increasing nitrate ion concentration and decreased with increasing hydrogen
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ion concentration. The rate of reduction is constant for about 25 days, and Pu(Y) is the
only product. After longer periods of reduction the rate decreases, and cnlloidal PutTY)
begins to appear. The Pu(V) concentration reaches a maximum and then decreases. The
effect of nitrate ion is apparently due to the formation of nitrite, whieh participates in the
reduction along with H202. After several hundred days, the plutonium can reach an
average oxidation state intenncdiate between Pu(Tll) and Pu(IV) [ Benedict, Pigford, and
Levi, 1981 ].
3.3.b Gamma and X-ray Reduction
Pu(VT) and mixtures of this specie and Pu(lV) in medium (0.5 - 1.5 N) acidic
solutions of HN03 are generally not affected by gamma irradiation [ Wick, 1967 ].
However, pu(lm in HN03 solution is rapidly oxidized to the tetravalent state. because
NO and N02-, fanned by radiolysis of the nitrates, catalyze the oxidation by the nitrate
ion [ Benedict, Pigford, and Levi, 1981 ]. It has been fnund that Pu(lI!) and Pu(1V) in
HN03 are oxidized by Xsradiation, but the yield is very low, and the oxidation rapidly
reaches a steady state.
3.4. Hydrolysis
Hydrolysis is actually complexation in which the hydroxyl ion is the ligand. The
tendency of an ion to bydrolyze by a reaction of the type;
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increases as the ionic potential [i.e., the charge on the ion divided by the ionic radius) is
increased. Thus hydrolysis is most pronounced for relatively small but highly charged
ions. This implies that the tendency of plutonium ions to hydrolyze decreases in the
following order:
The hydrolysis of Pu+3 is not extensive, forming the hydrolyzed species PuOH'2+
according to the reaction:
pu+4 hydrolyzes more readily than any other plutonium species. In hydrogen ion
concentrations of less than 0.3 M, the hydrolysis is initiated by the reversible reaction.
pu+4 is not appreciably hydrolyzed in solutions more acidic than 0.3 M H+. The
hydrolysis ofPu(V) is very slight, because of the low charge on the PU02+ ion. The
Pu(V) ion hydrolyzes only at a very high pH. The hydrolysis of Pu(V) is not considered
important because hydrolyzed Pu(V) disproportionates rapidly.
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3.5 Pu Polymers
A very important hydrolytic reaction is the formation of colloidal. aggregates in Pu
solutions by successive hydrolysis reactions. In weakly acidic solutions the reversible
hydrolysis may be followed by irreversible formation ofa eolloidal product polymerized
to a high molecular weight. These polymers consist of small, discrete, amorphous
particles, which may convert to the crystalline fonn when aged [Benedict, Pigford, and
Levi, 1981 ]. Another undesirable property of the colloid is its tendency to become
adsorbed on surfaces with which it comes in contact. Once formed, these polymers arc
not readily dispersed or dissolved in solutions of acidities sufficiently high to have
prevented their formation. puerV) polymerization is of considerable practical importance
in process operations involving plutonium solutions. Dilution of an acidic plutonium
solution with water can result in polymerization in localized regions of low acidity.
Polymerization can also result from leaks of steam or water into the solutions, or by
overheating during evaporation. This can lead to localized accumulation of plutonium
which may be a criticality hazard.
The formation of Pu polymer is favored by an increase in the Pu concentration
and temperature, presence of other ions, or by a decrease in the acidity. Polymerization is
greatest for solutions with low acid/plutonium ratios, meaning that polymerization can
occur at higher acidities with increased plutonium concentration. The Pu(fV) polymer is
the most likely to be formed. The hydrolysis and polymerization of Pu(lV) is suppressed
in a sufficiently acidic solution and in the presence of some complexing agents. It should
be noted that a solution that is stable at room temperature may form a polymer wben
heated.
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The molecular weight of the polymer is a function of the method of preparation
and therefore not discussed here. The irreversible formation of a colloid occurs when the
polymer forms from oxygen or hydroxyl bridges. If the reaction proceeds to completion,
PU(OH)4 is formed. However, in the intermediate stages, the colloid remains in solution
and has properties markedly different from those of the free ion [ Coleman, 1965 ].
Frequently the Pu(IV) polymer is formed inadvertently under conditions of transient
instability, and once formed is difficult to destroy. The Pu(IV) polymer is destroyed only
slowly by highly concentrated acid at room temperature; much more rapidly at 90°C.
Dilution of an acidic plutonium solution with water can result in polymerization in
localized regions of low acidity, so plutonium solutions should be diluted instead with
acid solutions.
3.6 Complex Formation
Plutonium ions form complexes with many anions. The tendency of a cation to
form complexes depends on the ionic potential, that is, on the formal charge of the ion
divided by its radius. Relatively small, highly charged ions, such as Pu(N), readily form
complexes. Other oxidation states of the Pu ion fonn complexes less effectively. The
relative tendency of Pu ions to fonn complexes is Pu(IV) > Pu(lII) > Pu(VI) > Pu(V).
This order differs from that for hydrolysis only in the relative positions ofPu(IlI) and
Pu(V1). The reasons for this difference are not clear. [Wick, 1967] Complex formation
and hydrolysis arc competing reactions and may be looked upon as the displacement of
the H20 molecules in the hydration sphere by the anionic ligand or by OH-, respectively.
At high concentrations of HN03 (>2.5 M), plutoniwn forms anionic complexes that are
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Lslated by Wick (1967):
strongly sorbed by anion-exchange resins [Benedict, Pigford, and Levi, 1981 ]; this is
useful in the separation of plutonium from other actinide elements.
There is evidence for the formation of Puffllj-nitrate complexes in 1 to 5M HN03
solutions, but work in more concentrated acid has been hampered by the difficulty of
preventing oxidation oflbe trivalent plutonium [Wick, 1967; Katz and Seaborg, 1957].
Pu(fV) forms complexes of great stability with many different anions, and many
of these complexes are encountered during the chemical processing of plutonium. As
Nitrate ions complex Pu(!V) to form all ions from PUN03+3 to Pu(N03)6-2.
In concentrated (> 5M) lIND3 solutions, Pu(N03)6·2 is the predominant
complex. Studies of 1 to 4M HN03 solutions have concluded that Pu(IV) is
present principally as undissociated Pu(N03)4 or as Pu(N03)+3, depending
on the different studies done. The matter is not resolved, but it appears
unlikely that the neutral tetranitrate complex is the predominant Pu(IV)
species in I to 4M nitrate solutions. However the conclusion has been made
that Pu(IV) is associated with an average of 2.6 nitrate ions in aqueous
solutions containing 2 to 4M nitrate.
The Pu(V) ion has the least tendency of all plutonium species to form complexes,
and in fact very few such complexes are known. There is no known complex formation in
solutions of pH less than 4.
Pu(VO is known to form a number of complexes. Nitrate exhibits only a slight
tendency to form complexes with the Pu(VI) ion, in dilute solutions. In solutions of about
11M HN03 the fonnation of a trinitrato complex, Pu02(N03h·, becomes significant and
increases with further increases in RN03 concentration. PU02N03+ and Pu02(N03)2
are formed in HN03 solutions with concentrations up to 4M, with higher RN03
concentrations needed to form the trinitrato complex [Wick, 1967 ].
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3.7 Ferrous Ion
The nitrite ion plays an important role in plutonium aqueous processing, because
it is capable of oxidizing Pu(III) to Pu(IV) and of reducing Pu(VI) to Pu(lV). Inmost of
these aqueous processes it is desired to have the plutonium in the +4 state. To
accomplish this, other reducing agents (e.g. NaN02 or Fe) are used to increase the rate of
converting Pu(VI) to Pu(IV).
In the Purex process, the step after primary decontamination is the separation of
plutonium from uranium. This is done by reducing plutonium to the trivalent state, in
which it is inextractable by tributyl phosphate (TBP), while leaving the uranium in the
extractable hexavalent state. To do this, reductants such as Fe2+, U4+, hydroxylamine, or
cathodic reduction, have been used [Benedict, Pigford, and Levi, 1981 ]. Reduction with
ferrous sulfamate was the reaction used first, and the one most likely used for the
plutonium solutions in the International Handbook of Evaluated Criticality Safety
Benchmark Experiments. In many of the benchmark experiments, the solutions contained
an appreciable amount of the ferrous ion, which was there due to its being used as a
"valence adjuster".
32
-Chapter 4 Experimental and Modeling Descriptions
Both the International Handbook of Evaluated Criticality Safety Benchmark
Experiments Volume lb, as well as, the MONK Validation Report No.5 contain several
experiments dealing with Plutonium Nitrate Solutions. The International Handbook
experiments reviewed in this study were performed in 5 different sized, water-reflected
spheres with diameters of 11.5,12,13,14, and 15 inches. Two separate sets of
experiments were performed with the 14 inch sphere. For each of the 5 spheres, multiple
cases were evaluated by changing the solution characteristics. In the MONK Validation
Report No.5, there were 12 cases studied. Four of these cases were performed in a
sphere of radius 19.318 em (7.61 in) while the other eight cases were done in a sphere of
radius J 7.698 em (6.97 in).
This chapter will describe each of the experimental configurations, where they
were done, the given data, the assumptions made, and the adjustments made. Then the
techniques and assumptions used to calculate the atom densities are discussed. Finally the
three cndes (DANTSYS, MCNP, and MONK) used to model these experiments are
discussed.
Evaluated Criticality Safety Benchmark Experiments
In the International Handbook of Evaluated Criticality Safety Benehrnark
Experiments, Carter et a1. identified at least 92 experiments that were performed at
Battelle Pacific Northwest Laboratories (PNL) Critical Mass Laboratory (CML), in an
11.5 inch sphere, [Carter et al., 1995a]. Ofthese experiments, 72 were water-reflected.
The other 20 were concrete-reflected, but complete data was not available for these.
Carter et al. rejected 66 out of the 72 water-reflected experiments, for having either
«measured" critical volumes greater than or smaller than the sphere, insufficient solution
characterization, plutonium polymers in solution, or for giving implied critical volumes,
not actual ones. This left 6 experiments which were "characterized" as benchmark
experiments.
The spherical tank was 304L stainless steel, O.l245cm (0.049 in) thick, with a
diameter of29.12 em (11.5 in) and surrounded by an effectively infinite water reflector.
The plutonium in the nitrate solution had a constant Pu240weight percent of 4.67, but the
concentration of plutonium in solution was varied for each of the different experiments.
The sphere contained a few penetrations, such as safety channels, and piping for the
addition and the removal of the solution. These penetrations were not modeled but their
effect on the criticality as well as the sphere's solution volume were taken into
consideration.
For reflection, the sphere was placed in a cylindrical "tamper" tank which had a
diameter of about 101.6 em (40 in). Water filled the space between the tank wall and the
sphere wall, with a minimum water thickness of36 em (14.17 in). The temperature of the
water was reported to be maintained at 25°C, giving it a density of 0.997 glee.
The other five sets of experiments taken from the International Handbook, were
performed at the P-li area of the Hanford Reservation in the early 1950's (Carter et al.,
1995 b-f). "These experiments were directed toward determining the effect of geometry,
concentration, foreign atoms, plutonium isotopic content, neutron reflection, and
temperature 00 the critical mass of light water moderated and reflected homogeneous
plutonium solutions."
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£The 12, 13, 14, 14*, and 15-inch spheres were made of a 0.1270 em (0.050 in)
thick shell oftype-347 stainless steel. The 13-inch sphere also had 2 cases perfonmed in
an 0.129 em (0.0508 in) thick aluminum shell.
For reflection these spheres were placed in a 300 gallon cylindrical tank, which
was reported as "three feet in diameter and four feet high". Water filled the space between
the tank wall and the sphere wall, with a minimum water thickness of26.67 em (10.5 in)
occurring with the IS-inch sphere, and a maximum 0[30.48 em (12 in) with the 12-inch
sphere. For simplicity the water reflector was modeled by Carter et a1., in aU cases, as a
simple spherical shell of 30 em thickness. The water was reported to be kept at 27°C,
giving it a reported density of 0.99651 glee.
The stainless steel spheres had a fuel feed tube of 0.9525 em (3/8 in.) OD
stainless steel tubing attached to the base of the sphere, which also had a supporting neck.
The volumes of the spheres, which includes the volume of the solution in the neck and
fuel feed tube, were measured as 15.19 (l2-incb), 18.94 (l3-iocb), 23.64 (l4-incb), 23.64
(14*-incb), and 28.99 liters (l5-inch sphere).
The 13-inch aluminum sphere, used for two experiments, was stated to be made of
20 gauge 25 aluminum, with a total volume of 18.04 liters. The thickness of the 20 gauge
aluminum was considered to be 0.129 em (0.0508 in). No engineering drawing for this
sphere could be found, but it was assumed to be similar in design to the stainless steel
sphere, baving a fuel feed tube and a supporting neck.
The plutoniwn in the nitrate solution for the 12-inch sphere and the IS-inch
sphere experiments had a constant Pu240weight percent of 3 .12%, while the
concentration of Pu in solution was varied for the different cases. The different cases
pcrfonned in the 13-inch sphere had pu240 weight percents of either 1.76% or 3.12%. In
35
the first 14-incb sphere, the various nitrate solutions had Pu240 weight percents of 0.54%,
1.76%,3.12%, or 3.43%, while in the second l4-inch sphere experiment, the Pu240
weight percents were 4.05% or 4.40%.
Table IV -I shows the experimental data (the plutonium, the solution, the Fe
densities, the molarities, and the wt.% for Pu240) for the evaluated experiments.
Monk Validation Report 5
These experiments were performed as part of the validation study for MONK6B,
and were written up by Hanlon (1993). The 12 experiments took place in interchangeable
vessels, which used the same control and safety rod system entering from the top, and the
same fill and dump system on the bottom of the vessels. Experiments were performed
using a thin, -0.12 em (0.047 in) stainless steel spheres of 14.568 em (6.129 in), 17.698
em (6.968 in), and 19.318 em (7.606 in) internal radius. The measured volumes were
12.95, 23.22, and 30.20 liters respectively. It should he noted that no data was given for
the smaller of the 3 spheres.
The studied parameters were plutonium concentration, nitrate concentration,
containment vessel material and reflector material. The effect of temperature, Pu(240)
content and impurities were minimized. The temperature was maintained at 250C, and the
Pu(240) enrichment was 4.6% by weight. Several different reflector materials, water,
paraffin, concrete and cadmium were used. Table rv-II shows the experimental data (the
plutonium, the solution, the Fe densities, the molarities, and the wt.% for Pu
240
) for the
MONK evaluated experiments.
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Table IV-l The International Benchmark Experimental Data
Sphere Case # Pu (~ensity Sol. den~i~YFe(~e~~;ty {~olarjty wt~, (240)
(nil \ fn/cm"3 ( nil moles/h ,%',
11.5 1 73 1.13 · 0.2 4.67
2 96 1.219 · 1.67 4.67
3 119 1.27 · 2 4.67
4 132 1.293 - 2.3 4.67
5 140 1.307 - 2.2 4.67
6 268.7 1.484 - 1.1 4.67
12 1 49.84 1.1312 0.189 1.59 3.12
2 51.42 1. 1482 0.272 2.2 3.12
3 56.09 1. 1682 0.245 2.49 3.12
4 59.64 1.1898 0.192 3.2 3.12
5 63.33 1.2152 0.197 3.62 3.12
6 70.11 1.2414 0.218 4.07 3.12
7 77.09 1.2695 0.237 4.72 3.12
13 1 33.32 1.0853 0.124 1.03 1.76
2 34.32 1.1009 0.117 1.45 1.76
3 37.43 1 .1107 0.103 1.66 3.12
4 38.12 1.1279 0.141 2.01 3.12
5 40.65 1.1548 0.257 2.9
3.12
6 44.09 1.1908 0.266 3.67
3.12
7 35.98 1.091 0.114 1. 15
3.12
8 36.81 1. 1106 0.128 1.66
3.12
t 4 1 26.27 1.0694 0.145
0.98 0.54
2 26.31 1.0864 0.149
1.415 0.54
3 27.2 1.1035 0.156 1.875
0.54
4 28.09 1.1311 0.164
2.71 0.54
5 27.58 1.0885 0.094
1.43 1.76
6 28.6 1.0769 0.11
1.02 3.12
7 29.57 1.0916 0.128
1.395 3.12
8 29.95 1.1087 0.113
1.92 3.12
9 31.6 1.146 0.12
2.9 3.12
10 35.36 1.1997 0.145
4.355 3.12
11 39.38 1.2508 0.147
5.75 3.12
12 29.44 1.0931 0.113
1.51 3.12
13 29.27 1.0921 0.14
1.477 3.43
t 4 • 1 29.65 1.0777 0.128
1.01 4.05
2 30.54 1.0967
0.079 1.44 4.05
3 31.43 1.1117
0.086 1.88 4.05
4 33.54 1.1496
0.097 2.92 4.05
5 36.04 1.1826
0.104 3.69 4.05
6 38.49 1.2172
0.126 5.46 4.05
7 40.91 1.2405
0.126 5.4 4.05
8 30.58 1.1019
0.108 1.67 4.4
9 31.85 1.1205
0.102 2.22 4.4
15 1 24.8 1.0899
0.088 t .6 3.12
2 25.56 1.1068
0.094 2.08 3.12
3 26.97 \.1409
0.096 3.07 3.12
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Table IV-II Tbe MONKValidation Experimental Data
Sphere Case # Pu density Sol. density Fe density Molarity wt% (240)
{o/ll In/emA3" {nil' (rnoles/f 1%\
IIONK 1 172.3 1.429 0.3446 4.96 4.6
2 34.3 1.076 0.0686 0.49 4.6
3 24.4 1.06 0.0488 0.53 4.6
4 25.2 1.06 0.0504 0.55 4.6
5 53.6 1.219 0.1072 4.31 4.6
6 53.6 1.154 0.1072 2.19 4.6
7 97.6 1.343 0.1952 6 4.6
8 36.6 1.209 0.0732 4.39 4.6
9 35.5 1.143 0.071 2.89 4.6
10 45.2 1.253 0.0904 5.86 4.6
11 50.9 1.222 0.1018 4.57 4.6
12 46.9 1.126 0.0938 1.41 4.6
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Experiments I, 2, 3, and 4 were all performed in the largest sphere. Experiment #1
had no reflector, #2 had an extra 0.6604 em stainless steel shell-reflector, #3 had a 32 em
water reflector, and #4 had an extra 0.2 em stainless steel shell-reflector with a 32 em
water reflector. The remaining 8 cases were done in the 17.698 em sphere. Experiments #5
and #7 had a 2.54 em paraffin reflector, while experiment #6 had a 1.27 em paraffin
reflector. A 25.2 em concrete reflector was used on experiment #8, while a 10.16 ern
concrete reflector was placed around experiments #9, and #10. Experiment # 11 had a
0.0762 em Cd shell surrounded by a 10.16 em concrete reflector. Experiment #12 had a
0.0762 em Cd shell surrounded by a 32 em water reflector.
Atom Density Calculations
The solution atom densities are calculated (Appendix A) using the given values for
the Pu density, the specific gravity, the acid molarity, the weight percent of Pu isotopes,
and by choosing the valance state. This research uses the equations that O'Dell (1995)
suggested for the calculation of the atom densities based on an assumed valence state. The
calculation of the plutonium atom densities is straight forward, using the given weight
percents, and the plutonium density, in solution.
The next step is to calculate the atom densities for nitrogen, hydrogen, oxygen,
and iron (when given). Using the acid molarity and acid type, nitric acid, allows the
calculation of the acid's (HN03) atom density. This gives the amount ofH, N, and 0 in
the solution that is associated with the acid. Next, based on the assumed Pu valence state ,
and the atom density ofthe Pu, determine the amount ofN and 0 associated with the Pu.
Finally, the water density is used to calculate the H and 0 atom densities in water. The
density of the water in the plutonium nitrate solution is calculated as:
p(H20) ~ p(Soln) - p(Pu) - p(H in RN03) - p(N03) - p(Fe)
Modeling Descriptions and Assumptions
AU the experiments were modeled as simple spheres, with the atom densities of
the different materials calculated based on the given material data. The values used for
determining the atom densities were the plutonium density, the specific gravity (solution
density), the iron density, and the acid molarity. All of these values were taken from the
previous evaluators reports and are considered the best estimate of the actual values.
The reported values from the MONK Validation report were all stated to be
below ± I%. In the 11.5" Benchmark experiment it was stated that the Pu concentration
had an uncertainty of ±O.5%. However, it was stated that multiple analyses of the same
solutions were made and used to determine this final concentration, but that these
analysis had about a 3% uncertainty each. In the other Benchmark experiments the Pu
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concentration was reported at ±1%, but the weight percent of Pu240 was reported at 7%.
In the 11.5" experiment the other uncertainties were all reported below 1% except for the
H20 concentration which was reported at 5%. Since the water concentration was more
difficult to measure, a material balance was used to calculated this value. In the other
experiments the other uncertainties larger than ± 1% were for the hydrogen ion
concentration (1.4%), the iron concentration (1.4%), and the wall thickness (10%).
The 11.5" experiment reported that there were multiple analyses of the plutonium
isotopic content for each of the cases performed, and therefore the value reported was an
average. To simplify the modeling, it was assumed that only 2 isotopes of plutonium
needed to be considered. To justify this assumption, half the 11.5" sphere cases were run
with not only the 2 isotopes of plutonium, but with the given wt% of the 5 isotopes, and
with the previous evaluators' atom densities for all of the solution isotopes. The results
for this are discussed in the results section, Chapter 5, of this study.
It is reported that for the I J .5" Benchmark experiment that the support tube had
solution in it, up to the level of the top of the sphere when the sphere was full. This
suggests that both the measured "sphere volume" and the critical "sphere volume" were
actually slightly larger than the volume of the simple sphere. To correct for the amount
of excess volume in the support tube, the values from Carter et. aI., were used in the
modeling of each experiment. For each of the 6 cases in this experiment there was a
different final radius given. The radii for cases #1-7 respectively were, 14.5151, 14.5377,
14.5113,14.5302,14.5302 and 14.5189 em.
As stated by Carter et. al., the other Benchmark experiments had specified
diameters that had low calculated volumes compared to the measured volumes by
amounts ranging from 0.53 to 0.61 liters. The projection of the support tube into the
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solution volume was considered to have an insignificant effect on the calculated keff and
may be ignored. To determine the actual sphere volume of these experiments, the solution
calculated to be in the support structure was subtracted from the measured volume, thus
resulting in a true sphere volume. This true sphere volume was then used to calculate an
effective solution radius. The calculated effective solution radius for the 12", 13", 14" and
15" spberes were 15.3399, 16.5156, 17.7865, and 19.0416 em respectively.
Description of Codes
The computer codes used to calculate the keff were DANTSYS, MCNP, and
MONK. DANTSYS is a discrete ordinates code, meaning that it treats the angular
directional dependence of the neutrons. It breaks the particle directions into a finite
number of discrete directions (quadrature sets), each of which has an associated "weight".
This method then takes the Boltzmann transport equation and finite differences it, in the
spatial variables, so that energy, directions of motion, and space are all "finite
differenced". This leads to a set of coupled algebraic equations which can be solved to give
the angular fluxes for each direction and energy group in each cell. This type of code is
very fast, cheap to run, and gives a very accurate, detenninistic solution to the modeled
system, but it is limited to only regular geometries. For this study the DANTSYS code
was run using the 16 group Hansen-Roach cross section set and a quadrature order of 16.
MCNP and MONK arc both Monte Carlo codes. The Monte Carlo method is
distinguished from other numerical techniques by its use of random sampling to obtain
solutions to mathematical problems. In marry ways the Monte Carlo method can be
regarded as a numerical experiment, with statistical techniques being employed to estimate
the required quantities by sampling from appropriate probability distributions.
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With deterministic methods computing errors are systematic arising from: measurement
uncertainties in the nuclear data; discretization of space/angle/energy; simplifications to ]
or 2 dimensions; and geometric modeling approximations. In contrast Monte Carlo
methods can: represent space/angle/energy continuously; deal with complex geometric
configurations; and deal with neutron collisions with great physical realism. This type of
code can be used on a wider range of geometries, but is generally slower, and can only give
a statistical prediction of the result.
MCNP is a general purpose Monte Carlo code that can be used for neutron,
photon, or coupled neutron/photon transport, including the ability to calculate
eigenvalues for critical systems. The geometry specification features of MCNP allow for
complex structures to be modeled using logical combinations of simple surfaces ( e.g.,
planes, cylinders, spheres, etc). MCNP uses the continuous cross sections derived from
ENDF data; the ENDF-V library was used for this study.
MONK is a Mote Carlo code written by the British to assist in the study of
nuclear criticality safety problems. The code's geometry package is tailored to criticality
applications. It enables three-dimensional models of virtually any complexity to be
studied, through a very simple user-friendly interface. Neutron interactions are considered
in the MONK collision processing package called DICE. The standard MONK nuclear
data library is an 8220 group library based on UKNDL and JEF evaluations. This library,
together with the point-energy collision processing algorithms provides a very detailed
modeling of the physics.
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Chapter 5 Results
This chapter presents the computer evaluations for each of 7 sets of experiments
and compares the results of these evaluations with results from the previous evaluators.
The previous evaluators deal either with one of the 6 Benchmark Validation experiment
sets (1 1.5", 12", 13", 14", 14*", or 15" water-reflected plutonium nitrate spheres) or with
the MONK Validation Repnrt #5 experiments. It should be noted that all of the
Benchmark experiments and the MONK experiments were performed as critical
experiments, thus having an experimentally determined k of 1.0.
Comparison Arnone Evaluators
For the Benchmark Validation experiments, evaluations at a Pu valence of 4, from
this study's runs were compared (Appendix B) with the runs performed by Carter et al.
(1995 a-f). Itwas found that the MCNP calculated keffs vary by a maximum of 1.66%.
The DANTSYS results were compared against the KENO results of Carter et al. and
found to vary by a maximum of2.31%. DANTSYS results were compared with the
KENO results. rather than with the ONEDANT results of Carter et al., because the
KENO runs and DANTSYS runs used the same H&R cross section data set. Carter et al.
used the SCALE cross section data set in their ONEDANT runs so a comparison of these
results was not as meaningful. For the Benchmark Validation experiments, this study's
MONK runs (valence =l) were compared with the MONK runs performed by Nigel
Smith [Carter et al., 1995 a-f ]. The calculated keffs varied by a maximum of
2.71%.
•For the MONK Validation experiments, the keffs at a Pu valence of 4 from all
three eodes were eompared (Appendix B) to the MONK results determined by Hanlon
(1993). The kerfs from MCNP varied by a maximum of 1.69%, those from DANTSYS
varied by a maximum of 1.02%, and those from MONK varied by a maximum of 0.37%.
Even though the maximum differences for some of the experimental sets are greater
than 1%, it should be noted that the majority of cases within those sets have much
smaller differences and are still well within any uncertainty of this study. As the majority
of variations among results of this study and those previously published are small, it
seems that the models used for this study are comparable to those used by the previous
evaluators.
Effects of Statistics on Results
Because the MCNP and MONK codes are both Monte Carlo Codes, they arc
therefore statistical by nature. This means that the results given by these two codes
indicate a value and a confidence interval. The nANTSYS code is a discrete ordinates
code and therefore it directly solves a set of equations giving a "true" result for what is
often an approximate geometry model. To estimate the impact of the confidence levels on
th
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•the time and within ±2cr 96% of the time. The standard deviation for MCNP (OMCNP) =
0.002889 was assumed to stay constant for all of this study's MCNP runs. The standard
deviation for MONK (0 ..\ - 0 003567MONIV ~ . was assumed to stay constant for all of this
study's MONK runs. The a's were obtained by calculating a mean for the 50 runs, and
then this mean was used to determine a standard deviation.
This means that the keff determined from either MCNP or MONK should be
within ±30 (kefftrue ~ keffcalculated ± 0.01) 99% of the time. If the true keffis 1.0 then
it can be said that the calculations should give a value within 1% (defined as the accepted
error) of the true keff.
Effect of Two Isotopes of Plutonium versus Five Isotopes
Table V-I shows the previous evaluator's results with those from this study for
the set of experiments performed in an 11.5" sphere. Table V-II shows the percent
difference of the reported results versus this study's results. As discussed earlier, the
experimental report stated that 5 isotopes of plutonium were used, but the weight
percents for these isotopes were not well defined. This is not unusual for most Pu
solutions are ill-defined in terms of isotopic content. Therefore, this research used only 2
of isotopes (Pu239 and Pu240) to model these plutonium solutions. To evaluate the
impact of this decision, runs were made using: just the 2 isotopic weight percents to
calculate the atom densities, the reported 5 isotopic weight percents, and the actual
solution atom densities used by the previous evaluator. In the three cases (1, 3, and 5 see
Table V -JI) where this justification was used, it can be seen that the percent differences
between Carter's results and the results from this experiment using similar codes were
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always less then I%. As the 30 confidence interval (discussed above) for the results from
MCNP and MONK is 1%, the assumption of using 2 isotopes instead of5 seems
acceptable. It is also seen that this percent difference is sometime at its smallest when
only 2 isotopes of plutonium are modeled.
the IS" sphere set (151 a, 151b, and 151c), was evaluated. The codes were run with the
Shell Composition Differences
In the Benchmark Validation experiment set, it was noticed that the given atomic
weight percents, for the SS-347 shells, were stated for only three elements (Fe, Cr, and
Ni). However, the nominal SS-347 (as stated in Marks Mech. Engr. Handbook) has
weight percents for 5 elements (Fe, Cr, Ni, Mn, and Si). Because Mn and Si have minimal
weight percents, it was assumed that these isotopes would not affect the keff
significantly. To verify this assumption one experiment, using 3 different valences from
different elemental contents, and the results were compared with those using just the
reported 3 clements. Table VMInsummarizes these results.
Table V~I[] Comparison of keff using 5 shell elements versus using 3.
Valence MCNP
DANTSYS MONK
2 0.277%
0.040% 0.300%.
4 0.615%
0.040% 0.081%
6 0.567%
0.040% 0.152%
It is seen that there is no real difference (=< 1% or less) between using just the 3
elements, as only 3 elemental weight percents are reported, they are used for all ofthe
Benchmark Validation experiments.
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Variation of kerr with Pu Valence
To show how the change in the Pu valence state can affect the criticality of a
system, the keffs of systems in valence states of2*1 and 6 are compared to those in the
nominal valence state of 4. The reason for modeling the 2* and 6 valence states is that the
solution's true valence will always be between these two values. From calculations done
by O'Dell, based on given data, the stated Pu valence of4 was sometimes calculated to be
closer to 3 or even below. After further investigation into Pu chemistry, it was realized
that the valence could only lie some place between a valence of3-6. To bound the
problem it was decided that the valences of2* and 6 would be investigated.
A comparison of the keffs of the 2* and 6 Pu valences to the keff of the nominal
Pu valence (4), for the 11.5" sphere set, can be found in Table V-N and Figure 5.3. Since
the other experimental sets showed similar results to this set, only the 11.5" set is
discussed here. The valence effect on the kefffor the other experimental sets can be found
in appendix C.
This comparison demonstrates how significantly the Pu valence state can affect
the keff ofa system. For the 11.5" experimental set these changes range from a minimum
of 1.43% to a maximum of 7.80% for the MCNP runs, from a minimum of 1.87% to a
maximum of 8.08% for the DANTSYS runs, and from a minimum of 1.25% to a maximum
of7.98% for the MONK runs.
Even the minimum effect from changing the Pu valence state is greater than 1%,
the 30 confidence interval for this study. If the Pu valences were to change the k by a
minimum of around 1% (the accepted statistical error), then the actual Pu valence would
not be an issue in criticality calculations. But because changing the Pu valence can affect
1 The notation 2. will be used throughout this report to indicate that the valence sate of 2 for Pu in solution
is nonphysical, but useful in bounding calculations.
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keff by as much as 8% (a significant change), criticality evaluations ofPu solutions
systems should account for the Pu's valence state.
For any system containing fissile material, a very important consideration is the
Variation of keff impact with Criticality Parameters
As can be seen in Figure 5.3, there is an increasing spread, in calculated keff,
between the 2* and 6 valence states when comparing the different cases. This suggests
that there is a parameter that directly affects the valence state impact on keff, so a change
in the valence state will have a different impact in different systems.
amount of moderation. In tabulating critical data, the hydrogen to fissile atom ratio (HlX)
is commonly used to specify the amount of moderation in a system. Figure 5.4 shows a
typical HIX curve. Notice how as the HIX increases, the koo of the system reaches a
nitrogen, contained in plutonium solution systems.
maximum and then start to decrease. Though adequate for systems with hydrogen, HIX
does not take into account the moderating contribution of other light nuclei, such as
1. I_----====~==--
61°iii
O.l---=~----;;-;---o - ~ H/X
Figure 5.4 Typical HJX Curve
The next 4 graphs (Figures 5.5 - 5.8) are the keff (for all experimental sets) versus:
a) the ratio of hydrogen to the total amount of plutonium (H / Pu-tot),
b) the ratio of hydrogen to the amount of Pu239 (H / Pu-239),
c) the ratio of nitrogen to the total amount of plutonium (N / Pu-tot),
d) the ratio of nitrogen to the amnunt ofPu239 (N / Pu-239).
The nitrogen graphs are added because much of the thermal neutron absorption occurs in
nitrogen. Figure 5.9 was created by taking Figure 5.8 and fitting power curves to the data
for each of the different codes. Although these lines look fairly straight, it should be noted
that the [2 values for these lines were all less than 0.02. As there is no correlation between
the plotted parameter and the system keff, the amount of hydrogen or nitrogen versus the
amount of fuel does not, for these cases, accurately predict what is going to occur when
the valence state changes.
The following is an explanation of why the HIX ratio and the NIX ratio do not
work as expected. Not only does the HIX ratio ignore other light isotopes like nitrogen,
but both ratios neglect the enrichment of the fuel; for this study. enrichment specifies
how much Pu240 is in the system. This is a very important parameter in moderated
systems as neutrons have to escape the large resonance absorption of Pu240. Similarly the
J-UX ratio indicates nothing about any absorption in the system, other than from
hydrogen.
Figures 5.5 _ 5.9, do not indicate an observable trend, as was seen by Clark, 1981.
The experi~ents he modeled are the same as some of those used in this evaluation.
Figure 5.10, is a reproduction ofthe Clark's graph, using the values he reported. Here it
is seen that as the H!X ratio increases, the keff decreases to a minimum (=.99) and then
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Plotting results from this study (keffvs HIX) along with Clark's shows similar
.
starts to increase rapidly. However, Clark's experiments had HJX ratios ranging from the
50's to the 2800's, with only a few experiments with HIX ratio's larger than 1100. This
study focuses only on those experiments considered to be benchmark cases, which have
no HIX ratios larger than 1100. The range of HIX for this study's experiments was 86 to
l068. In this area of an HIX curve, the system is close to the optimum HlX ratio, and
therefore there are no significant changes in the keff, duc to the changes in this ratio.
keffs from both evaluations (Figure 5.11). However, using only values from this study,
the H/X ratio does not show a trend with the keff as there is no significant change in the
keff over this HfX range.
Looking to find a correlation, the solution data characteristics defined in the
reports were used. The next three graphs (Figures 5. I2, 5.13, 5. I4) plot the keff versus
given solution characteristics (i.e., Solution Density, Pu Density, and Acid Molarity).
Once again these graphs show no trends; therefore other comparisons must be done to
find a correlating factor. This means that the Pu valence impact on the keff is not defined
by a simple solution parameter such as the solution density or acid molarity.
Next plotted (Figure 5.15) was the keff versus the average energy group of
neutrons causing fission, as calculated by DANTSYS, and the keff versus Op (potential
suited for average energy calculations. The average energy group is an indicator of bow
scattering cross section), also taken from DANTSYS (Figure 5.16). For this study, the
other codes (MCNP and MONK) use continuous cross sections sets, which are not
thermal a system is. It should be noted that this value is based on the Hanson and Roach
16 group cross section set. Because this cross section set has only 16 groups (the 16th
being the most thermal), the average group for solution systems will lie between the
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14th and the 16th group. As can be seen by this graph, there is no correlation between the
average group and the keff of this system. However, most of the runs fall in the 15-16
group meaning that the systems are basically thennaL The Op versus keff graph also
shows no correlation.
Figure 5.17 plots the resooanee escape probability (P) vs. the keff for all of the
DANTSYS runs. Agaio, tbis is dooe only for the DANTSYS runs as a multigroup cross
section set is needed to calculate this value. This graph docs show a relationship; as p
increases the keff tends to settle towards a value of 1.0. This trend also suggests that as
the keff is reduced the spread among the keffs of different valences increases.
The effectiveness of a moderator is a measure of its ability to scatter without
absorbing neutrons. Extend this to a complete. moderated system. and the effectiveness is
then a measure of scattering from all isotopes in the system without unfavorable
absorption. Moderation is the act of slowing down neutrons and is a multifaceted
process, depending on the type and amount of scattering material in the system.
However, the effectiveness of a moderator also depends on a lack of absorption during the
scattering process. A factor termed "Thermalness", developed by Bredeboft and Busch,
(1992), measures the effectiveness of a moderating system. The "Thertnalness" value,
defined as p / (112- f2 l,was derived through a two-energy-grnup diffusinn theory
analogy to the six-factor formula. Simply stated the thennalncss value is:
Thermalness =
Ability of a system to use these thermal neutrons to create fissions
Ability of a system to create thermal neutrons
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So as the system mere effectively uses thermal neutrons, the thermalness value increases
towards 1.0. Actually, based on physical parameters, the thermalncss value can never be
greater than 0.67.
Plotting the thcnnalness versus keff for each system (Figure 5.18) shows an
interesting development. The thennalness YS. keff graph shows that the spread between
the keffs of the 2* and 6 valence state narrows as the thcrmalncss of the system increases.
So it can be concluded that the effects of valence change arc minimized when the system
is quite thermal. However, the spread among keffs for different valences greatly increases
as the system moves toward the epithermal region, indicating the Pu valence is more
important for these less thermal systems.
Because the thennalness value is an intensive calculation, and therefore prone to
mistakes, this parameter is not suited to frequent industry usc. Therefore, it was decided
to find a better, easier method to characterize these solutions. Modeling these solutions as
simple plutonium metal-water systems simplifies the atom density calculations. To do
this, the plutonium atom density and the Pu240 wt% retain the values of the original
solution. However, the water density in the metal-water system is assumed to be that of
pure water corrected for the volume occupied by plutonium. This made the systems
much easier and faster to model. since one has only to calculate the atom densities for the
hydrogen, the oxygen, and the different plutonium isotopes.
To see the effect of modeling these systems as metal-water systems, a select
group of experimental cases from all the original sets was chosen. These chosen
experiments covered a range ofPu densities (24.4 to 268.7 gIL) and a lange of acid
molarities (0.2 to 6.0 g-mol/L). Twenty experimental cases were chosen: ten having a
Pu240 wt% of 4.6 or 4.67%; and ten having a Pu240 wt% of 3.12%. As there were not
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Table V~VMetal-water vs. Valcoce=3 systems
enough runs spanning different acid molarities or Pu densities, at other enrichments, only
these twenty were analyzed. It is assumed that the 4.6 and 4.67 wt% cases are equivalent,
and thus are grouped together, called the 4.6% group. The keffs for a Pu valence of S, 4, 5,
and 6, and the keffs of the corresponding metal-water system were calculated for each
case. The only parameter changed between the metal-water models and the experimental
models was the water density; all dimensions, vessel materials and reflector materials
remain unchanged within each case. Table V-V summarizes the results from the 20
experiments analyzed as metal-water systems. Physically these solutions can not have a
valence smaller than 3. It has already been shown that as the valence decreases the keff
always increases, so the keff for the metal system is compared to the keff at a valence
state of 3, which should be the largest possible kefT for any physical system.
Experiment Case 1# Pu-240 wt% Molaritv Pu Cone k metal). klv=~)
11.5 1 4.67 0.2 73 1.00895 100657
11.5 3 4.67 2 119 1.04029 1.02284
11.5 5 4.67 2.2 140 1.04406 1.02264
11.5 6 4.67 1.1 268.7 1.06075 1.05260
MONK 10 4.6 5.86 45.2 1.09708 1.01720
MONK 1 4.8 4.96 172,3 1.10444 1.03680
MONK 2 4.6 0.49 34.3 1.01180 1.00548
MONK 3 4.6 0.53 24,4 1.01818 1.00919
MONK 6 4.6 2.19 53.6 1.03348 1.00130
MONK 7 4.6 6 97.6 1.11338 1.03338
12 1 3.12 1.59 49.84 1.01900 0.99717
12 3 3.12 2.49 56.09 1.03347 1.00018
12 5 3.12 3.62 63.33 1.04852 1.00178
12 6 3.12 4.07 70.11 1.05792 1.00747
12 7 3.12 4.72 77.09 1.06663 1.00552
13 6 3.12 3.67 44.09 1.05022 1.00390
14 10 3.12 4.355 35.36 1.06019 1.00544
14 11 3.12 5.75 39.36 1.07913 1.00676
14 8 3.12 1.92 29.95 1.02686 0.99960
15 1 3.12 1.60 24.80 1.02356 0.99992
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When modeling these solutions as metal-water systems, the acid molarity is not a
needed parameter. However, plotting the keffs for the the metal-water systems, along
with the keffs for the valcnceej (lowest physically possible valence), vs the acid molarity
of the original solution (Figure 5.19) allows the comparison of the kcffs for similar
systems. This graph shows that the metal-water system predicts the highest kcfffor all
of the cases, suggesting a conservative calculation can be done by modeling these
experiments as simple metal-water systems.
Figure 5.20, is similar to Figure 5.19, except that only the keffs for the metal-
water systems are plotted vs. the acid molarity of the original solution. This graph shows
that points of equivalent Pu240 wt% '5, appear to fallon a straight line. It is noted that
the data for the 3.12% cases follow this trend very well, but there are a few points (I 156.
MI, M6, and MlO) that do not follow this line for the 4.6% set. These outliers can be
explained. by either undcrmoderation or by the reflector used.
Remembering that these experiments were all considered to be critical experiments
(ic; k= 1.0), then the difference between the keff of the metal-water system and a k of 1.0
is just the effect oftbe nitrogen in the system. The 1156 case bas a large plutonium
density (266.7 glee), and a low acid molarity (1.1 g-mol/L). These two factors lead 10 a
situation where this system is undennoderated. However, in the metal-water cases the
hydrogen replaces the nitrogen, adding moderation to the system. and tbus increasing the
keff As is seen in the typical HfX curve (Figure 5.4) when the HlPu ratio is low, small
changes in this ratio result in relatively large changes in the keff of the system, up to a
maximum value. After the maximum, changes in this ratio have a relatively small impact
on the keff. So an increase in the amount of hydrogen will not affect a system with
optimum or over moderation. as much as it does an undcnnoderatcd system. The shift
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upwards from the expected kcff for the 1156 and the M 1 cases is therefore attributed to
undermoderation.
Six out of tbc ten metal-water cases with a Pu240 wt% of 4.6%, are taken from the
MONK experiments. These cases differ from the other experiments in that most do not
have "infinite reflectors." In fact. only one of these six cases has what can be considered
an infinite reflector. A reflector reduces the number of neutrons leaving a system by
redirecting them back into the system, and it is considered infinitely thick if it allows
basically no neutrons to leave the system.
Case MJ has no reflector at all, case M6 has a 1.27 em paraffin reflector, and case
M I0 has a 10.16 em concrete reflector. It can be assumed that if the M6 or M I0 cases
had more of a reflector, then the metal-water kcffwould increase enough to lie on the line.
The M I case (discussed above) is undcnnoderated and has no reflector, These two factors
counter act each other, but the undcnnoderation plays a marc important role in the
determination of the keff Therefore, the kcff for the M I case docs not vary from the
expected value as much as for the I J 56 case.
Plutonium solution chemistry is very complex with multiple variables driving
different reactions. Plutonium, in aqueous solution, is known to exist in four oxidation
states ranging from +3 to +6. The +4 oxidation state is considered the most stable,
although the differences in the oxidation potentials of all 4 states are small enough that
they all can exist simultaneously within the solution. However, in most past analyses the
plutonium in a plutonium-nitrate solution has been considered to be in the +4 oxidation
state. Past experimental write-ups [Kruesi et al. (1952), Lloyd et al. (1966), Richey
(1968), and Clark (1981)] suggest that these evaluators knew the solutions were not
exactly in the +4 oxidation state, but assumed them to be. This assumption, made by
previous evaluators, was pointed out by Clark (198 J): "Nitrate concentrations,
plutonium concentrations, and acid normalities are frequently not exactly consistent with
a stated valence of 4 for plutonium." Yet, in Clark's report and in later reports [Carter ct
al. (I 995a-l), and Hanlon (1993)], this same asswnption is still used for the modeling of
similar solution systems. This suggests that for over 40 years plutonium-nitrate solutions
have been assumed, for criticality analysis, to be Pu(N03)4 (Pu valence =4).
The many factors that affect plutonium-nitrate solution systems have been
discussed in detail. Itwas noted that the acid molarity, the temperature, or even radiolytic
decomposition can influence the dynamics of these systems, thus changing the valence
state. Disproportionation of Pu(IV) and Pu(V) are the two most important methods that
give rise to the creation of the other two [ pu(lIn and Pu(Vl) ] oxidation states. The rate
constant for the disproportionation of Pu(IV) is directly affected by the concentration of
Conclusion
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the acid or by the complex fanning anion (H+). This disproportionation is also
temperature dependent.
The gradual spontaneous reduction of Pu(Vl) and pueTV) is another complication
in the analysis of plutonium solution systems. The reduction of Pu(VI) and Pu(lV) is
primarily caused by the ionization products created by the alpha particles emitted in the
radioactive decay of the plutonium within the system. This spontaneous reduction is
known as radio lytic decomposition. Thus when dealing with older plutonium solutions,
one should be cautious, and not blindly accept the previously determined solution data as
being correct. Itwas noted [Benedict, Pigford, and Levi (1981) ]lhat after several
hundred days, the plutonium can reach an average oxidation stale intermediate between
Pn(lII) and Pu(lV).
Other factors complicating the characterization of plutonium solutions arc
hydrolysis. polymerization, and complex formation. Plutonium is not appreciably
hydrolyzed in solutions more acidic than OJ M H+, and therefore was not of a concern to
the analysis of this study. [There was only one experiment analyzed with a molarity
< OJ] Polymerization is the formation of colloidal aggregates by successive hydrolysis
reactions, and therefore also occurs in weakly acidic plutonium-nitrate solutions. As
hydrolysis was not a concern neither was polymerization. Complex formation occurs in
many plutonium solutions, but there was no specific data in the benchmark experiments
on its impact on keff.
The experiments used in this study were all of spherical geometry. Most of the
solutions were surrounded by an infinitely thick water reflector, but some had no
reflector, extra stainless steel as a reflector, concrete or paraffin reflectors of different
sizes, or a thin layer of cadmium with either a concrete or a water reflector.
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This study utilized two Monte Carlo codes (MCNP and MONK) as well as a
discrete ordinates code (DANTSYS) to evaluate the effective multiplication factors for
the experiments. The DANTSYS code gave "true" results for the systems as modeled,
while the MCNP and MONK codes are statistical by nature, therefore having confidence
levels. The impact of the confidence levels on the variations in keffwas studied. This
impact led to what was defined as the accepted error (J %) for this study.
The effects of model jog the plutonium as only 2 isotopes (pu240 and Pu239)
instead of 5 isotopes (pu238, Pu239• Pu240, Pu241 and Pu242), and stainless steel type-347
represented by 3 elements (Fe, Cr, and Ni) instead of the nominal 5 elements (Fe, Cr, Ni,
Mn, and Si), were studied. It was concluded that there was no real difference in the keff
« 1%) either when modeling the plutonium as 2 isotopes vs. 5 or when modeling the 3
shell elements vs modeling all 5 elements.
The results from each code were compared with each other as well as with the
results from the previous evaluators. When comparing this study's results (for the
plutonium valence state of 4) to those from the previous evaluators, it was found that
some of the maximum differences were larger than I%. However, a majority of the cases
have much smaller differences well within the established uncertainty of this study. This
suggests that the models used for this study are comparable to those used by the previous
evaluators. Comparing the results from the three codes, on a case to case basis, the trend
is that the MCNP results are larger than the MONK results which are larger than the
DANTSYS results. While the MCNP results are always larger than the MONK results,
both codes were sometimes smaller than the DANTSYS results. This deviation from the
trend is a result of the statistical nature of the MCNP and MONK codes, whose
calculation of a keffwilllie within 30 of the "true" value.
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Next the variation of the keffwith a change in the plutonium valence was
demonstrated. For these cases tbe plutonium valence states were considered to range from
2* to 6. (A valence of2* for plutonium in solution is nonphysical, but used here to bound
the variation in kcffwith valence and to assure all physically possible valences were
bounded in this study. ) Comparing the keffs from the 2< and 6 valences to tbat of the
nominal valence (4) showed that the minimum change was 1.25% and the maximum
change was 8.08% for all the codes. This minimum effect is still larger than the 1%
confidence interval for this study and therefore must be considered. A maximum change
of 8% is very large and can have a significant effect on the safety of the system. The
spread in the keffs from changing the plutonium valence state varies for different systems.
Therefore there should be a parameter that directly affects the valence state's impact on
the keff.
The first parameter looked at was the l-VX ratio versus the keff. No trend based on
the experiments covered within this study was noticed for the H/X parameter. However,
it should be noted that the previous evaluators did find a trend based on this parameter.
The reason for this is that the previous evaluators had several experiments with H/X
ratios larger than 2000. but none of the accepted benchmarks had an H/X greater than
1119. Following the logic behind looking at the H/X ratio, it was decided to look at the
NIX ratio. This decision was supported by the fact that the nitrogen was thought to have
a large impact on the keff of the system. However, plotting the NIX ratio versus keff also
showed no trend.
The next 3 parameters studied were the solution density, the plutonium density,
and the acid molarity. The effects of these parameters on the keffalso showed no trend.
This suggested that the parameter that drives these systems is not a simple parameter
(e.g., solution density or plutonium density). but is some how a combination of things.
The effect on the keff of a system from other parameters such as average energy
group of neutrons causing fission, Op (potential scattering cross section), and the
resonance escape probability (P) are also looked at. Only the resonance escape
probability shows a correlation with the keffs of the different systems. However, this
parameter can only be calculated for the Hansen-Roach cross sections, because it involves
collapsing the cross sections from 16 group to 2 group.
None of the traditional parameters adequately indicate the relationship between
valence and keff Thus, a nontraditional parameter, the thennalness value, was examined.
A trend was found when this value was plotted versus the ketf. This trend showed that
as the thennalness value increased (i.e.; the system becomes more thermal), the variation
in valence had less effect on the keff of the system. This parameter helped in the
understanding of how a change in the plutoniwn valence of one of these solutions affects
the determined keff. The thennalness value is an intensive calculation. also requiring the
16 group cross sections to be collapsed to 2 groups. Since doing this type of calculation is
prone to mistakes, it was determined that it is not suited for frequent industry usc by
criticality safety evaluators.
A simple technique for evaluating plutonium nitrate solutions was to model these
systems as metal-water systems. This approach proved to not only simplify the
modeling process but resulted in a conservative analysis. Comparing the results for cases
modeled as metal-water systems witb those when the cases were modeled with a
plutoniwn valence of 3, showed that the metal water systems were always higher. The
difference between the keff of the metal-water systems and the experimentaUy detennincd
k of J.O is due to the effect of the nitrogen in the system.
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In the metal-water systems, the nitrogen is replaced by hydrogen adding
moderation and removing some absorption from the systems, and thus increasing the keff
This increase in the amount of hydrogen, when modeling these systems as metal-water
systems, will not affect the optimum or ovennodcratcd systems as much as it does the
undennoderated systems. Because nitrogen is an absorber, its removal effectively
increases the number of fissioning neutrons in the system. Both the removal of absorber
and the addition of moderation to the systems help to increase the value of the keffs,
This study has shown a dependence of keff on the valence state of plutonium in
plutonium nitrate solutions. This dependence is outside the established uncertainty of
this study, and therefore should be a concern to a criticality safety evaluator. It is
common for multiple samples of a solution system to be taken and analyzed, with each
analyzed sample giving different results. Therefore, uncertainties in the solution's makeup
exist.
Pu valence assumed to be 4 is not always accurate so criticality safety evaluators
need to know how to handle these systems conservatively. Assuming a valence of 3 will
be conservative but requires additional information on molarity, acid concentration, etc. In
many cases the only information available is the plutoniwn concentrations and isotopic
weight percents.
This study suggests that, for criticality safety considerations of plutonium-nitrate
solutions, the most conservative methodology is to model the system as metal-water
system. Modeling these systems as metal-water systems reduces the need for accurate
solution analysis, because only the plutonium concentration and plutonium isotopics is
needed. This methodology over predicts the keff of the systems, while at the same time
simplifies the modeling, relying only on the Pu concentration and isotopics,
•
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APPENDIX A ATOM DENSITY CALCULATIONS
The solution data reported by Carter et aI. (1995a-1) is:
I) Pu240 weight percent (wf240)
2) Pu density (pp.,)
3) solution density (Pro'.,)
4) acid molarity (MHNOJ)
5) Fe density (PF,)
6) total N03 density
7) total hydrogen density
8) reported 1i20 density
While the solution data reported by Hanlon (1993) is:
I) Pu240 weight percent (wf240)
2) Pu density (pPu)
3) solution density (p,o',)
4) aeid molarity (MHNOJ)
5) Fe density (PF,)
6) oxygen concentration
7) H in H20 concentration
8) nitrogen concentration
However, the infonnation from both of the previous evaluators is overly
constraining. When modeling tbe plutonium nitrate solution, for this study, only the
PU240 weight percent, the Pu density, the solution density, the acid molarity, and the Fe
density were needed. All the atom densities were calculated using these 5 parameters and
assuming a plutonium valence.
Taking the Pu density and the Pu240 weight percent, the atom densities for Pu239
91
and Pu240 were calculated using the basic equation for atom density:
Where:
Nj; p'wfj'Na
Aj
Nj = atom density ofith material (atom/ce)
p ~ density of material mix (glee)
wf = weight fraction of ilh material
Na = Avogadro's number (0.6022 atoms-em- per mole-bam)
Ai ~ atomic weight nfith isotope (g/molc)
So for Pu240 atom density given a weight fraction of3.12%, and a Pu density of
51.42 gIL (0.05142 glee), one would get:
NPu240 ~ (0.05142)' (0.0312) • (0.6022) 1240.0538; 4.025e-6 atoms per barn-ern
For Pu239 the weight fraction would be (100-3.12)% ~ 96.88%, and Aj would be 239.052.
thus giving an atom density of 1.255e-4 atoms per barn-ern. The total Pu atom density is
simply the sum of the 2 Pu atom densities (Npu = 1.295e-4 atoms per bam-em). The
atom density for Fe in the system can bc detennincd in the same manner as the
plutonium, but using the iron density.
Next the valence state (X) was assumed. Using this assumed value and the
equation Pu(N03)X. the N03 concentration associated with the Pu was determined. This
was done by multiplying tbe total Pu atom density by X. The N03 atom density
associated with the plutonium is then determined by:
p(N03 assoc. w/Pu).> (pu atom density)(X)(62.0049) 1Na
To determine the atom density of HN03. the acid molarity was multiplied by Na.
The N03 concentration associated with HN03 is then simply the atom density of HNO).
Along the same lines, the H atom density is equal to the atom density of HN03, while the
o atom density will be 3 times this value.
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The total atom density ofN03 in the system can now be calculated by adding the
atom density of NO) associated with the RN03 to that associated with the plutonium.
The total atom density ofN in the system is equal to the value for the total atom density
of NO, in the system.
The water density in the solution was calculated using the following equation:
p(H,O) = P,o', - pp, - P(Hi'HNOJ) - P(NOJ) - PF.
From this value the atom density of H20 can be determined. Then the atom density of 0
associated with the H20 is equal to that of the H20, while the atom density of H
associated with the H20 is twice that of the H20. The total atom densities of H and 0
can now be calculated by the addition of their components from the NO) and the H20.
An example calculation is found in the following spreadsheet. This was done for
the 12" diameter sphere, case #3, for a plutonium valence of 4.
The atom density calculations for the metal-water spheres were simplified because
only the Pu240 weight percent and the Pu density arc needed to model the system. The
calculation of the Pu240 and Pu239 atom densities are done as before. The only other atom
density calculation needed is that for H and 0 associated with the water. The watcr
density is calculated by correcting pure water (1.0 g/cc) for the volume occupied by the
plutonium. This is done by dividing the plutonium solution density (glcc) by the nominal
density of plutonium 19.8 (glee) and subtracting from 1.0. from the water density, the
total Hand 0 atom densities can be easily obtained.
Doing this for the same experiment (12" sphere case #3) as the previous example
gives the following atom densities: N(Pu-239) ~ J .36ge-4; N(Pu-240) = 4.390e-6;
N(fe) ~ 2.642e-6; N(H) ~ 6.667e-2; N(O) = 3.333e-2.
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N(t:'l __lf!__tl_NQ~1.::,_..L..J.A~.9~.E!::3:Atoms ~b·cm .-
N_(Q.!.r:!_H~Q~)..==..L..~:.1.9.~.5.g:_~1.~tq.ms_/b-cm -'1
.F.(t~9..~.J~_HNQ~l.i .J.:54~~E!.~!.f.gI cc
N_{t·:'!9..~J9.~~D._==..+ ~.:9_§~_~_~:.~;.At.~~s.J!;J~i=m.
i :...... ··················i·······-· ..- , .-,--.- .
.I~_I.~....~.P~_~~_cL.~he~.LJ~__f_or)"he H29 Reflected 12.0" Sphere Case 113
..1T~!s..__wi.'.'p~ ceuea ,123c "". 12 standing for 12.0" diameter
. .-i.!~.~.~sta,!~s. for case # 3 ,
! -ena the. c . will stand for valence state of 4- _------ -:-... --- , .
-·-----------···..·············1 --...... .~........... -7
~N.19~_._...... _.?:.4~;.9:.rT)OU_.L._ .....r
.EW~L.."..L 5~,.OgLgLk .
.el~9'-f!L..::: L.. J.~.L9:~_?j_gJcc
E(EgL."..... I O,?4.5:giL
X = 4'-~t%""~""""" i ----------------3'.·1-2"["%
............ -----------_._------{-. . " .
':.
''i"'
: :
____·· ·_-_P~.~tl.~-.g·.·.·.;it·~.···.p~·.·.·.·.····· 1.""....... .,. Dealing with N03
_N(e_~~.~.?~L.==~ J:.?!??~.~.~4.f.~.~Qm.~...!. ::~!)}i-NH'~Q.?[~e.uJNQ3U:::.. ~:65~2~~4.l.~.
N(!~:"-:I.:g.49.L.::' --+ 4.~~.~Q~~·.6<AtomsIb·Cffi;P(No3 ass. w/Puj". 5.8186e~2 g I ce
N(~~}.:':' i ..1.·~12!}e·4~A.~p.ms /b-cm'
: :
................................. .:. j., , .
•
_____________________._.. 1. _•._) _
Final atom denslties.............. ---
NH~.~.:.~.~~.L .. :::_L.... J:~.~~.~e.~:~~;.'~19!!lS!.b_~_~rT).._
N Pu-240 =, 4.3902e·6: Atoms /b-cm
•• _c_ ...
,. -,.,
_fll.{~.lji!L..~ _ 2._l?~J ge·6_Lp'-tpmsIb-cm, ..
N.a'U ~__ _..?·.9_9:4.6e-~,.AtClms/b-cm
, I.fll.HU ....7:___ .. t ••l?:.1.4_~4~·~.:_P.-_t9ms b:~m.
N'<QJ..._~ ---- t ;3.&E1 ~:~;.!.\toms Ib-c!!'.,_ ..
.......~ -.._ -.- .+... ...,-
9.9834e-2 Atoms /b-cm
••,
- ~-
.t.
N total =
94
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APPENDIX B RESULTS VERSUS PREVIOUS RESULTS
The results from this study (valence =4) are compared with those from previous
evaluators in the following spread sheet.
.,Jt·_~_....'.'.,.P.'~'II.~.~~_~~P. ~~~~.._9J.._P.~{~C?3Jx
_GJ'-S.fL ..~LM.~~.~..J~,~pf;>!.~ed~~~N.P+.K.ENO
.__ .1. ) __.. ·_Q._~.~.2o/.o_........ .
2; -0.070%............._..-t- - -.. _.
___..__:3 .., 9:78.2.r.~ _ __ .
..4 j '.._ 9.:9.~~o/o:._. _. t..
: ------f ·····:~.·11~:o~
-- - - ; .
Reported/2DANT; MONK
0.093%
0.238%
-0.178%
-0.284%
0.150%
-0.046%
Reported/MONK
0.641%
0.330%
0.548%
0.663%
0.430"-
0.261 %
t
j.
l.-- : .
•• - ••• - •••••••••• < •••• -.- .. - •••••••••••• -- ••••••••••••••••••••••••••••••••• ".,: ••••••••••••••••••••••••••••••••••••••••• ·················r········~·_-· . -_. -
i
-----------------,---
12 ... __9.!!I_~_~!~L.J~p.l}~r.~.l!Qt .Pu(No3).'~
Case __.~l__~~_~._:'.~~.P..Q.~~e.~/ CNP.;KENO
1 1.050%...-,--. --------- ----..-...... ·······················-t··
.~ ~·.~·_-.t~.~·.·.·.·.·~ .~·.·.·~·.;~·~~~~~.~-._.· ~~ ~ ~..-J ~..~..
...... _4__._ J.:.!5.!3A 'r.~
5· 0,801%
fir······ 0.223%
Reported
0.998%
1.114%
0.268%
1.035%
1.~12%
0.279%
120ANT, MONKr Reported1.324%
1.224%
0.855%
0.954%
1.006%
0.481%
!....
_.
IMONK
,-
..,. 1.292%0.656~j'.
.... , -,,
---------------..1-·······,
------_._---,-
,
13 " ._!?I.~.I!!.(!J~L.?P~.~~~_~.. .ot.. Pu(N,03Jx ;.
.c;:.~~.~_#f MCNP Rep~rt~g.jtt1C.NP...J<I;NO aepcrtec /20ANT. MONK Reported /MONK
---- ~_....... ..... -_._... .
1 ;0.069'~... -0.526% 0.383%..···2-··· ..·[ ----- - Q,J!§.O.%.... 0.279% I 0.443%
.._.., ---
;3 .__..: _ ,Q_._~_§.~.~_ ; _._ _ ..g.J?_;3j~.~._._.._ _t_ 9_~~~5~ .
4 ----1- --- 9.:.Q!;3_~ ._._.. _+ 0.353% ~. 0.211%
_____.?: .1:.1 ~.~~_ ___......__ 1.060% .i. 0.896%
6 :,Q.013"&_.... ..L- _.:Q.~72% .J 0.560%---t·······
7 ...1..076.% _. 0.20.6%
8 0.516% 0.867%
.H....~~!?_I.~~.et_'!....Sph.'!~.s of PU{N03)x .
q.a~~_.It; MCN~__. ~e'p'~rte~....!MCN~_:KENO Reported
1........... ....Q.}.98% 0.420%
~t'gi;;i .....! '.~~~:~
..~ ,0.,.1...1.?~.. . .. 0.499%
_____..§ ; . .._ 0.3~_30/0 :._ 0.613%
6; -0.138% .. -0.135%·······7'O~i?~:.'- ...0.253%
8; 0.078% , ~. -0.137%~roo:i~i .-9.006%
10.. -0.028% -0.085%._------- ..- : __ ._---- -- ,
_____.1_1... .. .r.. :.0.:~.JI~4>.. -0.612%
T
....J..? .L......... _9·..t~2% ! 0.469%
P .!.. !U?".%.... 0.791%
(2DANT; MONK Reported
-0.240%
0,475%
1.268%
-0.331%
0.121%
0.382%
0.401%
-0.241 %
0.423%
0,725%
0.383%
0,271%
0,605%
•
•
·~..
;
+
t
.............._..1 ..............................•..•.._.•..... , , .
.1.'!~__.. ~·~PJ~.~_~_t~t.... P.~~r.~~Qf P~(N03}x
.9.~.;!~!..M.~.~.~_..ft~p9.r.~eQ_../.~q!'l.~·KENO
...1 L....... .-0.008%
?_.9,51~1'.
3 -0.071%
Reported
0.427%
0.093%
-0.038%
(20ANT MONK Reported
-0.330%
-0.040%
-0.439%
+
~.:OJ.2.Q~ .........1.
5 ; __ -O.:.?Q.~.~ .i-
6 i 1.637% ..
:::::::8!::::::::,i::·:::::·:::::::::::~:oQ.!::Z~ -!--
.. ....•.. ...:..i-iJ.~i8~,
••• -••.••.••••••• <.- -----_ .. _-_. __••••.••.•.•••.•
J.~....~'...J?!.l:'l.~_~_~~_~J~pl}~t~~._. QL__fl.~.(~o3)x..
.~~.~~_.__~__M_t;.~e B.~P9_!:~_'-~.JMC.~p.+.K_ENq.. Reported 120ANT;.MONK Reported (MONK
l' __~9_._J.;;.7.~.. 0.731% 0.554%------< .
2 ' ...9..9.5]1'... 0.327% 0,433%-_ .._ _ {- -.
.:l L......Q.,.?sJ1'.... <--- _ Q•.ln~ ; Q,6.?5~ .
0...128%
0.362%
2,31.3%
-0.300%
0.182%
0.761%
,. 0.050%
-0.209%
2.713%
-0.200%
0.171%
0.625%
i.,..,
.,..
---... • •.• -••••••...•.•••••• --- .•• -._ ••• -." i-
.MQ,NK __.~.R.r!.~!:~_~_Qr.._f'_~.<N.9.~J~........ . , .j. .
Case #. MONK ReDorted (MCNP MONK Renorted (20ANT MONK Renorted /MONK
1 i "0.691% -1.023.%..t. 0.322%
::::::::~::::::i:············ -··~r·~t::~::.:..: . : :::::~ "~..~~~~ -1=-~ ~:.~:~~
4 i -0.805% 1 ·0.379.% -0.050%---- ,,- ..-•.-..•... ----•. -- - 1"
5.L. '.Q·6.8~% -t- 0.336'l(, +0.050%
6T :1.,3.30.~..........,..... 0.55S"& ' -0.280%
.......!. _.__~ --..- ~.~__~g.7.9_~ ..+ -0.128%._ -0.206%
..6) ,J~2"%~-. :~:~~:~ , :~:~~:~
...... _.!iL l ·····~·~·:·g_~·Q·%··-.- _ _-_ _._ _ _ _ _.- .__ _.
10 ---.t --- __.:J:.~..U?""...... -i- ._ -0.50~% ' -0.208%
...... 1..1 .+.... :.1.,2.520/. -0.037% 0.2720/.
12 -1.036% 0.435% 0.372%
96
/MONK
(MONK
APPENDIX C keff vs Valence Graphs
The following graphs show the ketfversus valence for each of the different
experimental sets [11.5", 12", 13", 14", 14+", 15" and the MONK spheres] used for this
study.
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APPENDIX D EXPERIMENTAL RESULTS
I Lj . j 11.5" DIAMETER SPHERE RESULTS
......................~-..--
...~.a.se_...~...i..V~I.~.~ce MCNP 0" DANTSYS MONK
1a :.~ 1.0291 0.0033 1.0162 1.0221
;~L4 .... L0146 , 0.0032 0.9976 0.9983
.........t~). 6... 0.9923 0,0031 0.9774 0.9858
J.b.t~I? "j'" 4 1.0111 0.0037 0.9972 0.9984
1meb 4 1.0112 0.0034 0.9J'.9!..'79~_',0022,
.g~ ....j. 2, 1.0362 0.0029 L0299 1.0338
......?~_ "'j" 4 1.0139 0.0027 1.0034 1.0011
______g.y. .L.._ _.~_ 0';9872 0.0028 0.9757 0.9744
3a i 2 1.0431 0.0033 1.0392 1.0355
------.-.~·.~· .. ·.·._·-r.·.···· 4 T' 1.0074 0.0031 1,0060 1.0037
...~.~ 6 j. 0:.9.810 0.0031 0.9709 0.9703
~N~.~l ... 4 ;... 1.:0161 0.0032 1.0065 1.0045
.......~IIl_~!?1....... 4 1.0108 0.0028 1.0063 1.0069- ...,_.---,
.........4.~ l. ..? J.:.9.4.!HL.•.....9.:,q.Q.;!? .._ _1·036,~.. ,.._~ .0351
4b ! 4 1,0079 0.0031 0.9992 0.9948
·.·.·..·.·.~.i~···.·.·.·.·.·.T.·.·..·.·.·_·..··6 .9·9738 + 0.0034 0.9595 0.9603
...... .5a _..:. 2 _... .1.0485 0.0028 1.0421 1.0447
5.i? __~ 4 .. ~. .)..0129 0.0033 1.0026 1.0003
.. 5~ L... 6 0,9672 0.0032 0.9679 0.9659
Shisb: 4 1.0086 0.0032 1.0031 1.0016..... ... -----.-,..~._.. -t-
___~!!l.el?._)..... 4 ._:_._.1.0113 0.0031 1.0030 1.0008
6a ,2 1.0736 0.0030 1.0881 1,0673
-_ ~ _.
..!;~ , 4. . 1.,.QQ!;4....,.....9..Q03L_-' ..·015Q....... 0,9959_
6e ·6........· · .·0.9279· . 0.0029 0.9330 0.9164
105
..------- " -- ..
o
0.0029
0,0029
0.0029
0,0029
0.0029
0.0029
0.0029
0.0029
0.0029
0,0030
0.0030
0,0029
0,0030
0.0029
0,0029
0.0029
0.0029
0,0030
0,0029
0.0029
0,0029
0,0029
0,0030
0.0029
The following spreadsheet contains the results for all of the experimental cases
analyzed for this study.
.; ~,12" DIAMETER SPHERE RESULTS
+
._.~~~.~. # i Val~f'!.~e MCNP a OANTSYS MONK
1a .;.. 2 1.0160 0.0029 1.0037 1.0123
...... .1.11 , 3 1.0121 0.0030 0.9972 0.9994
...__..J.~ _-!- ••. , _ 4 .-4. 1.0021 0.0030 0.9906 0.9893
ld . 5 1.0011 0.0031 0.9840 0.9916
..... .1.L .. .; 6 0.9883 0.0029 0.9772 0.9885
..~a._._.( _2 .+ 1.0169 0.0031 0.9982 1.0015
.......2b 3 1.0064 0.0030 0.9913 0.99161"' ••
2e ....j ... 4 .; 1..0002 0.0028 0.9844 0.9887
2d j 5 0.9907 0.0032 0.9774 0.9756-_ -.,..... ·r···
f---E.2~._ ......_.!:>.6_....L;_OiL·~9J!8!.:74L,-OiL·jiOQ02£8L_OiL.j19l!703~ 0.9766
3a ! 2 1.0271 0.0029 1.0077 1.0074
........ ;l·b·_·.·..·..·.·.r 3 11.0151 0.0029 1.0002 1.0033
... ,.~.Q : 4 T' 1.0113 0.0023 0.9925 0.9947
... _.....;l~ ..1. _ 5 -I-- 0.9960 0.0029 0.9848 0.9847
~e : 6. J 0.9941 0.0028 0.9790 0,9837
4a 1 2 1.0177 0.0029 1.0053 1.0102,..... . .;. .
411. .l.. 3 1.0038 0.0029 0.9971 0.9939
4e , 4 ; 0.9951 0.0029 0.9888 0.9953....................... j......... -- -----r-
.........~.~ : S ; Q.;~9..~.2 ; Q.;.OQ32......0.9803 0.9816
4e ..j. ...6 0.9813 0.0028 0.9717 0.9738
Sa . 2 1.0245 0.0030 1.0106 1.0060...... . ..: .
5b ' 3 '1.0119 0.0027 1.0018 0.9998...................... .;. +- _-_..
5c ! 4 i 1.0039 0.0033 0.9929 0.9944
...··..i~·:·.·+·. 5.· -t- 0.9973 0.0031 0.9836 0.9838
.........5... .. 6 L 0.9857 0.0030 0.9746 0.9696
6a 2 1 1.0294 0.0033 1.0164 1,0204. -..-·-f-.. ·····- ..· +.. -.-
6b 3: 1.0179 0.0030 1.0066 1.0143...... ... _ , -
6e ' 4 : 1.0085 . 0.0031 ..9.:996.5.. 0.9987................................ --.-- ..••• -._ + ••_ _ ..........ed 5 . 1.0027 0.0031 0.9863 0.9888
6. j 6 0.9883 0.0031 0.9759 0.9792--- .._ .. __ . -
7a 1 2 1.0278 0.0031 1.0157 1.0173
7b·..·!· ..3 1.0152 0.0033 1.0046 1.0017------.... t··
7e 4 1.0071 0.0030 0.9933 0.9904.......... ----- .... ··1·.. ...
.?d ...5 +. 0.9868 0.0028 0.9817 0.9845
7. T 6 0.9825 0.0027 0.9699 0.9697
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a
0.0030
0.0030
0.0029
0.0029
0.0029
0.0029
0.0030
0.0029
0.0030
0.0029
0.0029
0.0029
0.0029
0.0029
0.0029
0.0029
0.0029
0.0029
0.0030
0.0029
0.0030
0.0029
0.0029
0.0030
0.0030
0.0030
0.0030
0.0030
0.0030
0.0029
0.0029
0.0029
0.0029
0.0029
0.0029
1
__ .;. _._._.. _.. .. 1.3.'.' _DIAMETER SPHERE RESULTS
!
.._~~.si-_·.i·.T.·.·y..~·I.·~·~~.~·.·M.CN~:· (J DANTSYS
.........1.~ J... L 1,.0074 0.0025 1.0005
1b i. 4 1.0068 0.0028 0.9925
.........,1£ f 6.... -r 0.9934 0.0029 0.9844
.......g.~ ; g L...1.s.Q.1.U , .._.Q -,002.L., 1,0015,. __~:L: ...;.~~~:~~.~~~~:: :'
3a i 2 : 1.0194 0.0028 1.0046-------T--·· ,..--.
3b : 4 . 1.0053 0.0029 0.9944....................... _ .
3c j 6 . 0,9967 0,0029 0,9850
..1~~·-.·.-.·.·.·.·T ·.·· 2 .. ~'. '1..0118 0.0026 1.0048
.........4.~... .. 4 1.,009jl., 0,0028 0,9954
........~.9: .;. JL. +. 0.9940 . 0.0031 0.9858
Sa ! 2 1 1.0148 ; 0.0029 . 1.0027.................. _ , _ ,...•...._.... ._-..,........ -
5b ! 4 .. 1,0003 0,0030 0,9923
................ - ..... 1"...... - •••••••••• _.1" ......
5c ! 6 i 0.9928 0,0024 0,9816
6a ......T .... -2" ·······;······1.0190 0.0032 1.0096
••••••••••• -•••• -••••• 1"••••••••• - 1" ••••
....... J?!:? .._ .L. 4. !. 1.0127 0.0031 0.9981
6c ! 6 : 1.0027 0.0030 0.9863
7~-""T2'" ';";.0187 0,0028 1.0066......., _ +.... _i_
7b : 4 '1.0031 0,0026 0.9980
.·.~~·...· ~·.£9.·~·~·.J...· ·.·.~~·..·.i.·.....·.. ~·"·=Q.:_~914 __.__0.0029 0.9894
8a 2 1.0170 0.0027 1,0054
......B.b......j .......4 1.0099 0,0026 0,9966
8e ! 6 0.9927 0.0031 0.9866
107
MONK
1.0019
0,9929
0,9895
0,9985
0.9941
0,9866
1.0085
0,9946
0.9845
1.0015
0,9988
0.9857
1.0026..- .
0,9935
0,9860
1.0106
0,9993
0,9892
1.0050
0,9983
0,9905
1.0010
0.9967
0,9924
a
0,0029
0,0030
0,0030
0,0029
0,0030
0,0029
0,0029
0,0030
0,0030
0,0029
0.0030
0,0029
0,0030
0.0030
0,0029
0.0030
0,0030
0,0029
0,0030
0,0029
0,0029
0,0029
0,0030
0,0029
... .]. ,,4" DIAMETER SPHERE RESULTS: ·····················T··················, I -." '.
--'cas"e'-", : VaTe·n·ce···!······M"CN·P· ·i···· ,-a ,l, DANTSYS MONK o
··::::::.I~:::::::::;::::::::::i:.:_::_ ..r:::t;:01:;!Q ;.. O..OQ.27 :: 1.0022 ::: 1.00 10 0,0029
.. 1b .. '; 1.. .; ....1 006.1 ,. 0.0029; 0.9964 . 1.0000 0.0030
...1, ;.. 6 ; L.9.o.1J , o,Q.o.?L .9,9.9.0.S 0.99Q.3 ,. 0.0029
.........?L L J L.. 1,.O.9.6.LL.0,.0026 .J. 0.9961 . 0.9966 0:0030
........?.b L . ~ L..l.,0094 • 0.0.026 ..., 0.9923 ,0.9901 0.0029
2c , 6 • 1.0005 0.0027' 0.9864 0.9881 0.00303 ,........:2 ·; ....'1':0124 ., 0.0025 .;.. 1.0008 1.0000 0.0029
:lb r·4 ·'.. 1.0043 • 0:0023 0.9947 0.9855 0.0030.... :J.~T'··~::.: O.9974 0.0028 09885 0.9852 0.0028
A~ ..; ~..: .1.'0116 .: 0.0027 0.9978.1 0.9946 0.0029
......... ~.!?___ L_. ~.... ...L..J:OO.~.9 0.0027 + 0,9914 0.9955 0.0029
4c 6' 0.9948 '0.0024 0.9848 0.9843 0.0029
5a • 2 • 1.0066 , 0.0025 ,1.0001 0.9998 0.0029
••. _.. _•..•••••••. ~••.• _............... ..... •..• ...... -1-'"
5b : 4 i 1.0039 ; 0.0025 i 0,9940 0.9917 0.0030--- ······ ..················--·····t·· -
...~.~ _L ~ 1 JUJ~.?2 .L.O.0029 I 0.9877 0.9868 0.0029
___.. ~~l g__ L.J.:.91.1_~ .~ 0.0028 ,. 1.0037. 1.0053 0.0029
6b : 4 ; 1.0088 ; 0.0026 - 0.9972 "\" 0.9959 0.0028_•••••••.••.••..• ---- ,•.•••. ---_.¥ .••••_... • ..-...... . .,-.- .. -•.
___!?_~ .L _.JL L... .R.,.~~58 j. 0.00~9 L ..0,9908 L 0.9862 0.0030
.......!.~ .L. ? L ..1.,.0.151 J. 0.,9'928 : 1.0.069 -L 1.0034 + 0.0030
7b i 4 ; 1.0048 j 0.0028 : 1.0002 i 0.9981 0.0029........ , ..• --...•.............. : ...•... -. . .. --.---:-..• - . .- .. :- . 1-
....! .~ j J? .._ --i 1.:QQ~.!? i 9.:QQ.g.?....;. _9':~_~.~~1 Q,.~_~?.4 _ 0--=,002_9
8a • 2 ,1.0103. 0.0030 • 1.0030 . 1.0033 0.0030....s·b..··T · :·l:0078·: ..·0.0027-' 0.9962"' 0.9976 ,. 0.0029
········-ffc········~····---·-·6··· ..----T···O.99·31·t····O~0028 .;-"'0.9892 0'.9892 0.0030
:::::::·:~[::···:E::::=::l·::·::::F::t~{:·~-~:F:g~~~-.::...6: ~~~.:j:: 6:~~;~.;:. :~~~~
_____..~g .+. .._~ 1. _..o,.~.~35..L..9,OQ24 .~ 0,9887 .j.. 0~9903 0.0029
10a • 2 ,1.0159, 0.0028,,1.0098 1.0076 0.0029
10b r-' T''1'.007s 0.0028 .. 1.0011 0.9937 0.0029
:::~::9.Q::_::::1::::::::.::~::::::::::I::_.1.;:~t9.ZQ__ ;._:.Q_:.QQ?~: -' _.~L.~_~9.~:: 9.:.~.e.Z?..._+ 9.:.0030_
11a ' ...2._.. ,L.._.1.019_9._. 0.0029"';. 1.0118 ..~_ 1.0026' 0.0030 .
i'fi)":"'"'' . 1.0094 0.0027: .LOOI6 ..' 0..9918 0.0029
------··ffc······r-········El .. ····"]"-··'·:0060 :.. 0.0.927 0..9912 .. !, 0.9871 t. 0.0030
......f2 ....... ' ........·2 ··'1"·1 :0134 . <J.O.o28 1.0037 1.."1.0027 0.0029
12b : 4· r·..i...0086·.. 0.00~7'" 0.9970 ... 0.9969 0.0030
12C·--···-r..·--··..S--·······T---·O.99·S2. 0.0022- 'j' 0.9902 0.9859 0.0030
----1·3·a·······r--··-··2·········-t .... 1.0"0"55-t- 0.0028 _::: 1.0006- 1.0044 0.0030
·f3b ......r ·.j..· " 1.005t''' .. 0.0025' 0.9939 0.9913 0.0029
'f3c'" ..< 6 "'0'.9906"" 0.0027 0.9872 0.9870 0.0030
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·14·" DIAMETER SPHERE RESULTS
"Ca'se"'," V~'le'~ce MCNP a DANTSYS MONK a
........1.~ L. 2 -i- 1.0170 0.0028 1.005' 1.0027 0.0030
'b l 4 • 1.0095 0.0026 0.9984 0.9999 0.0030
.. ,,'::::::·:'::: 6 0.9999 0.0025 0.9917 0.9870 0.0029
2a 2 1.0'40 0.0029 1.0076 1.0082 0.0029
2b 41 1,.0041 ... 0.0027 1.0007 0.9984 0.0030::::::?c:::::T:::j:::: ..: 1.0027 . 0.0027 0.9936. 0.987' 0.0029
.........3~ ; .2. ..; L0123 _ 0.0023 1.0080 1.0063 0.0030
.........~ ~~ ~ i .1:.9..t9..'! ~.._.9.0.Q~.0__~ 1.0008 _ 1.0029 0.0030
.........~.9. ~ JL L 1.00.05 ' 0.0026 . 0.9934 '0.9914 0.0030
_._...__~.'L.._..-l.. ~._ ~..J ·_9~02 0,0025 1.0090 1.0023 0.0029
....... 111 [ 1 ;. 1.0131 .,. 0.0023 1.0010 1.0007 0.0030........4, L. ~.. _ ..L. 1.0038 0.0027 0.9929 0.9890 0.0030
Sa i 2 '1.0271 0.0027 1.0154 1.0171 0.0030::}~::::::;:::A::::L '1.0137 0.0026 1.0067 1.0031 0.0029
.........5.e L ......JL....... 1.009' 0.0029 0.9977 0.9984 0.0029
.........~~ + ~j ~:~~~~g:gg~~ g::~~~ g::~~~ g:gg~~
.........6,.; 6 .;. 0.9766 0.0029 0.9718 ~0.~9~7~,:2~c-~0.0030
________Z.~ ~ ?.. 1.0273 0.0030 1.0141 1.0096 0.0029
......... ?I?. ..L 4 1..01.96 0.0029 1.0035 1.0018 0.0030
rc , 6 • 0.9991 0.0027 0.9926 0.99' 8 0.0029____________ -of·
~~+}t :gg~~. g:gg~:~ ~~~~~ g::::: g:gg~~
····....-~ic········T......·-·6..·········i· 0.9946 0.0027 0.9874 -t- 0.9879 0.0029
·········9a·· ..··.."r":":" 2··..·· '[" ..1·.0203 0.0025 1.0028 I 1.0039 0.0029
:::::::::~i:::..:::;:::::::::::4: ~j::j.:.q9_~_~....:;:..Jh9..O'2.~,-+-9.:9.@.~._0~9915 0.0030
sc , 6 '0.9958. 0.0024 0.9878· 0.9885 0.0029...................... '1' , "]" "
-_ ; _ -rr- ,. .-_ -- ..~ _ _.......... . ..
........... --- + , +.._-
....--- ~......... . ..-- -
: ,15" DIAMETER SPHERE RESULTS....•........•........ + ...•....•............ --...._.__....
: ;
"'C8'5e" .··t··v·s·le-n·ci·t· .. ·MCNp ....- a ..OANTSYS MONK
... __ .- j ---.. _... -. • '1
··..······l·~··..-····l·····--····~·_··..····!····+~~J~~·:-:··-%~~Z~·~~. 6~~ ~~.~._~~-~.~~~--~
·......···1·c·--·····'1'------..··6·.. - "'T 1~0050 0.0027 0.9920 4. 0.9894
-..·.. ·Tii-·· ..·r---······2-- ..··_···,· ~1.0131 0:0026 1.0021., 1.0012......·1"..;:.::·: {._.... 1.0020~. 0.0024 ,0.9969 0.992'
···..·..·1 f i "'6' - '-r"-O,9993 . 0.0025 0.9916 I 0.9909
....--- ---_ - ---
2a ! 2 . 1.0108 0.0025 1.0041 1.0024
...... 211........ '1' 4 . 1.0061 0.0023 0.9986 0.9937
.. ·2·~··T ;;.......:"°029 0.0023 0.9931; 0.9909
......··3~......·'1' 2 .• 1.0123 0.0025 1.0048 1.0008
----.... ·3b···.···.·.T..:·.·. 4. .i.. ,1 ~Q·044 0.0024 0.9988 1- 0.9924
3e 6 0.9987 0.0027 0.9928 0.9857
<J
0.0029
0.0030
0.0030
0.0030
0.0029
0.0029
0.0029
0.0029
0.0029
0.0029
0.0029
0.0030
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· ............•.L .!.MONK VALIOATION SPHERE RESULTS
c·ss·e····, +'Vs"jeri'ce+' MCNP (J', DANTSY$ MONK
········1.········.,..··· .... 2' 'T' 1.0676 0.0037 1.0684 1.0588
.jll·:::::.::::.4:.:C1.0034 0.0037, 1.0068 " 0.9933
..... ..1.., ; ; .. 0.9376 .. 0.0044 0.9331 0.9198
........g~ i g l LQg!L~ o,Q.n1.... _ 1,.0102..... 1.0127
___ ?I? L 4 L.1 ..0191 . 0.0041 1.0006 0.9993
2e , 6 '1.0067 0.0032 0.9908 0.9886..··3li ' ....·.. 2 ·.. T"I.0138 0.0033 1.0122 1.0055
31l· ·,....,j ..· ·T 1.0103 > 0.0027 1.0073 0.9991
......·..3c ..· ..·T · Ii 1:0069 0.0028 1.0024 0.9983
--_··--..4:a·······"j""·········:f··········· '(0169 0.0031 1.0091 1.0040
... (~.:...... ::::::.( ... ' 1'.0081 0.0030 1.0038 1.0005...... ;
.... __..~.~ ; 6 , j ..•...1.0067 0.0028 1" 0.9984 0.9946
Sa ! 2 i 1.0295 0.0037 1.0161 1,0167
5b j 4 j 1.0121 0.0037 0.9998 1.0027................. .,. -. . .
5c ..... I. 6 .~., Q.9967 0,0044 0.9830 0.9S89
.......J?~.._.. ~.. .2.. --1. 1.0258 0.0037.. 1.0097 1.0041
___ ~.I?.._ l... ~L,.1... 1.0118. 0.0036 t 0.9928 1.0011
......... , ; E1. ; 0.9833 .t. 0.0034 0.9753 0.9779
........!~ L. ,-? .]. 1.0563 _,., 0.0037 I. 1.0495 1.0385
7b i 4 i 1.0285 0.0039 1.0167 1.0175
7e ..·'1' ...... ·..6·· To.9897 0.0041 0.9828 0.9764......·ss········r····"2'''r 1.0440 . 0.0033 _ 1.0312 1.0291
·········S·b'·······T·········4··········"j"····1':·031"9···_,.·-b·:O-03r·-··-f~0·225 '-1.. 1.0176
--------·S-(;···-····'1"·······6··· '-;--"1.0215 : 0.0029 1.0137 1.0049
.......... ·····..·.,...·········-···....··4..-·-- ...,.
9a i 2 : 1.0250 0.0032 1.0183 1.0149...... -.. ----.-.-1-........... ...... -t ••
9b , 4 : 1.0162 . 0.0036 1.0095 1.0065......._ .,. -- - - , ,..
sc • 6 : 1.0088 . 0.0035 1.0005 0.9975....................... -.--_................ .....
10a: 2 i 1.0298 ; 0.0036 1.0234 1.0207------------- _ -....... ..._........... ._ .
10b i 4 ! 1.0182 . 0.0034 1.0109 1.0079··-..·..1-0C······-r .. ····6·· ... "';' 1.0030 T 0.0031 0.9980 0.9961
.......................................... ,. .... -- - - -- -, -1-
11a i 2 : 1.0199 _ 0.0040 , 1.0111 . 1.0048..·iiii ..j·..;j· ..: ....f:ooiii- ..·o:0032- ..····0.'9ii'56'-T" 0.9925
...."T1'c ....'[:"....·..S·..· T 0.9838 .. "-0'.0037' 0.9795 0.9824
----·1·2i·······I ..· 2 ··..·..'·..--1.0178 0.0041 1.0075 1.0062
......·1'21l....·..: 4......... 1.0082 0.0033 0.9935, 0.9941
........"2c..··T ·s '0.9933 0.0037 0.9791 0.9842
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a
0.0029
0.0030
0.0028
0.0029
0.0030
0.0030
0.0029
0.0029
0.0029
0.0029
0.0030
0.0029
0.0029
0.0030
0.0029
0.0030
0.0029
0.0029
0.0029
0.0029
0.0030
0.0029
0.0029
0.0030
0.0029
0.0029
0.0030
0.0028
0.0029
0.0029
0.0029
0.0030
0.0029
0.0030
0.0029
0.0029
